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ABSTRACT 
ABSTRACT 
This thesis describes the research activities that have been investigated for 
improving the 3rd order intermodulation distortion products (1M3) and power added 
efficiency (P AE) and bandwidth pe1formance of microwave OaAs MESFET power 
amplifiers. Two novel circuit techniques, one for improving the 3dB bandwidth 
performance and the other for improving the 1M3 and P AE performance, were 
proposed and verified through simulation and practical measurements. 
The technique of including lumped elements matching networks within the 
package encapsulation (Close-to-Chip lumped element matching) of a 20Hz 
MESFET device is described for the first time. Simulation results showed that the 
amplifier using this technique had a 3dB bandwidth 3 times wider than the amplifier 
with Off-Chip distributed element matching. 
The linearity and efficiency performance of a 20Hz MESFET was improved 
significantly by presenting a difference frequency shunt short -circuit termination 
across the drain terminal. A 16dB reduction in 1M3 and an improvement of 4% in 
P AE performance was measured on the bench. Success with this technique was 
further demonstrated with digitally modulated signals. 
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1 PROJECT INTRODUCTION AND LITERATURE 
REVIEW 
1.1 INTRODUCTION 
As the mobile industries begin a gradual shift to adopt the 3 rd generation 
mobile communication standards with spectrally efficient and complex data 
information, the demand for power amplifiers with high performances in linearity and 
efficiency increases. Research over the years have came up with various useful design 
techniques aimed at improving the linearity or the efficiency of an amplifier. A 
combination of these performance enhancement techniques could also be used to 
improve both the linearity and efficiency of an amplifier, however, the complications 
involved in such amplifier designs were not desirable especially with mobile handsets 
designers where space and size limitation, and the simplicity of circuit designs in 
mass volume production have always been the main factors to be seriously 
considered. Further details of some of these performance enhancement techniques are 
described in the following section. 
This three year PhD research has therefore been structured to investigate and 
develop novel performance enhancement techniques to improve the linearity and 
efficiency of single stage amplifiers using commercially available Gallium Arsenide 
1 
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Metal Semiconductor Field Effect Transistor (GaAs MESFET) devices suitable for 
use at commercial cellular mobile communication frequencies. 
1.2 LITERATURE REVIEW 
In this section, basic definitions of common performance parameters such as 
efficiency, intermodulation distortion (IMD), enor vector magnitude (EVM) and 
adjacent channel power ratio (ACPR) are discussed for the benefit of the reader. As 
mentioned earlier, several performance enhancement techniques to improve the 
linearity and efficiency of amplifiers have been proposed over the decade. Therefore, 
the primary objective of this section is to provide a general overview of some of these 
techniques that are cunently used to improve the linearity and efficiency performance 
of MESFET power amplifiers. The secondary objective of this section is to highlight 
the benefits and disadvantages of these techniques before conducting further 
investigations which results in a novel performance enhancement technique to 
improve the linearity and efficiency of power amplifiers. 
1.2.1 EFFICIENCY OF POWER AMPLIFIERS 
The efficiency of a MESFET power amplifier can be expressed either by its 
drain efficiency ( 1]) or by its Power Added Efficiency (P AE). The drain efficiency is 
2 
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defined as the ratio of the fundamental RF power delivered to a 50.Q load (Pour) to 
the DC power consumed by the amplifier (Pvc), as expressed in Equation 1.1 below. 
(1.1) 
The P AE of a power amplifier is expressed as the ratio of the difference 
between the fundamental input and output power to the DC power consumed by the 
amplifier, as shown in Equation 1.2. 
(1.2) 
The P AE definition in Equation 1.2 can also be expressed in terms of the 
power gain, G (ratio of the fundamental RF output power to the fundamental RF input 
power), of the power amplifier as shown by Equation 1.3 below. 
(1.3) 
Therefore, from Equation 1.2, 
PAE = PoUT x(1- PIN J 
Pvc PoUT 
(1.4) 
3 
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Substituting Equations 1.1 and 1.3 into Equation 1.4, 
(1.5) 
For G ｾ＠ oo, then 
PAE::::: 17 (1.6) 
Thus, for an amplifier with a relatively large gain, for gains much greater 
than 20dB, then the P AE of this amplifier can be approximated to its drain efficiency 
as exptessed in Equation 1.6. 
1.2.2 IM D OF POWER AMPLIFIERS 
When two or more sinusoidal frequencies are applied at the input of a non-
linear amplifier, the resultant output of the amplifier contains additional frequency 
components (besides the amplified version of the input signals). These products are 
known as intermodulation distottion products (IMD) and are a very common source 
of distottion in power amplifiers [ 1] - [ 4]. 
For example, consider a simple case where two sinusoidal signals, at 
frequencies ft and f2 respectively as expressed in Equation 1.7, are applied to a non-
linear amplifier whose output voltage can be represented by the first three terms of a 
power series expressed in Equation 1.8 below. 
4 
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VJN(t) = Acos(21ifit) + Acos(27if2t) (1.7) 
(1.8) 
Then substituting Equation 1.7 into Equation 1.8, the output voltage, Vou'I{t), becomes 
Vou'I{t) = aJ[Acos(21ifit) + Acos(21if2t)] +a2[Acos(21ifit) + Acos(27if2tJi + 
a3[Acos(21ifJt) + Acos(27if2tJl (1.9) 
where expansion of Equation 1.9 yields frequency components at DC, ft, f2, 2fh 2f2, 
The frequencies 2ft and 2f2 are the 2nd harmonics, 3f1 and 3f2 are the 3rd 
harmonics, ft ± f2 are the 2nd order intermodulation products, and 2ft± f2 and 2f2 ± f1 
are the 3rd order intetmodulation products. Figure 1.1 shows a spectral representation 
of the input and output signals of a non-linear amplifier. 
ll t t ! ! t t t t t t t, f2 n! ! Ｎｾ＠ ｾｾ＠ • " 
INPUT 
12-11 ＲＱＬＭｾ＠ f, f2 212-11 21, 1,+12 212 31, 21,+12 212+f, 312 
Figure 1.1 Input and output spectrum of a non-linear amplifier for a two-tone input 
signal 
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The two-tone test is a standard test of the non-linear behaviour of an 
amplifier, where the power ratios of the output 3rd order intermodulation distortion 
products (IM3) to the fundamental output carrier are taken (IM3/C) when two 
fundamental carriers (both having equal amplitudes and the frequency separation 
between these cruriers are much smaller than their fundamental frequencies) ru·e 
applied at the input of the amplifier. These ratios generally provide to some degree the 
level of non-linearity in an amplifier. 
The two tone-test, however, is not a realistic test of the non-linearity of 
amplifiers in digital systems because it may not accurately predict the adjacent 
channel interference when complex digital modulation formats such as Enhanced 
Data Rates for Global Systems for Mobile Communications Evolution (EDGE) or 
Wideband Code Division Multiple Access (WCDMA) are applied (Further 
information of EDGE and WCDMA modulation formats ru·e provided in Appendix 
II). For this reason, other standards for measuring the distortion levels in a digital 
modulated waveform have to be made. 
1.2.3 EVM OF POWER AMPLIFIERS 
The Error Vector Magnitude (EVM) is the most popular figure for 
characterising distortions for EDGE modulated signals [5, 6]. En·or vector represents 
the difference between the measured signal and a reference (a perfectly modulated 
6 
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signal) where the Error Vector Magnitude is the magnitude of this error vector as 
illustrated in Figure1.2. 
Q 
A 
Figure 1.2 Vectorial representation of EVM on an I/Q diagram 
As shown in Figure 1.2, EVM encompasses the effects caused by magnitude 
and phase distortions and is widely prefened as the typical figure of :t;nerit for 
distortion characterisation in digital modulation formats such as EDGE. Usually, 
EVM is usually reported in percentage as a ratio between the enor vector and the 
reference signal. 
1.2.4 ACPR of Power Amplifiers 
Adjacent Channel Power Ratio is a measure of the spectral re-growth in 
adjacent channels in digital systems [5, 6] . The ratios of power in the adjacent 
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channels to those in the main transmitting frequency channel are defined as ACPR as 
shown in Figure 1.3. 
Lower 
ACPR 
lA 
Carrier ｂＬｾｮ､ｷｩ､ｴｨ＠
Frequency Offset 
From Carrier 
Frequency Offset 
From Carrier 
Upper 
ACPR 
Channel 
Bandwidth 
Figure 1.3 Linearity of power amplifier in a digital system defined by ACPR 
ACPR measurements are required in digital systems so as to ensure that the 
transmitter is not interfering with the adjacent channels. 
1.2.5 COMMON TECHNIQUES FOR IMPROVING LINEARITY 
Linearization of power amplifiers has been an active research field for many 
years. The main objective of this chapter is to provide the reader a brief synopsis of 
some linearization schemes, such as the feed-forward technique, the pre-distortion 
8 
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technique, the 2nd harmonic injection technique and the difference frequency injection 
technique. 
1.2.5.1 FEED-FORWARD TECHNIQUE FOR IMPROVING LINEARITY 
In its simplest form, a feed-forward amplifier consists of the elements shown 
in Figure 1.4 [7] - [9]. Its operation can be clearly seen by refe1Ting to the two-tone 
test spectra shown at vruious points throughout the diagram. 
PATH A 
JL+ PowER SPLITTER 
INPUT 
PATHB 
PHASE SHIFTER 
ｬｾ＠
JL PATHC 
ERROR AMPLIFIER 
Figure 1.4 Block diagram of a feed-forward amplifier 
The two-tone input signal is split equally to form two identical paths (Path A 
and Path B) as illustrated in Figure 1.4. The signal in path A is amplified by the main 
·9 
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amplifier and the non-linearities in this amplifier result in intermodulation distortion 
products being added to the original signal. The directional coupler at the main 
amplifier's output then takes a sample of the main amplifier output signal and feeds it 
through a variable phase shifter and attenuator. The amplitude and phase are carefully 
adjusted such that cancellation of the input two-tone signals occurs at the lower path 
combiner, leaving only the distortion information (error signal) from the main 
amplifier. This error signal is then fed through an error amplifier (Path C) to be 
amplified, phase adjusted and appropriately attenuated to the required level (Path C) 
so as to cancel the distortion in the main path and fed to the output combiner. The 
error signal will then cancel the distottion information of the main path signal leaving 
only an amplified version of the original input signal. As a typical example of the 
IMD improvements the feed-forward amplifier technique provide, this technique was 
evaluated recently on a 1.855GHz amplifier [10] (providing an output power of 
37dBm at -1dB gain compression point) with a standard two-tone test yielding an 
improvement of35dBm (from -24dBc to -59dBc) in IM3level. 
Although the feed-forward technique undoubtedly improves the linearity of 
amplifier systems, it still requires sensitive adjustments to the phase and amplitude of 
the error signal in order to achieve an effective cancellation with the distortion of the 
main signal. A poorer PAE is another disadvantage of the feed-forward amplifier 
system because of the requirement of an additional ultra-linear power amplifier for 
error amplification. The overall size and cost of this system can be very significant. 
10 
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1.2.5.2 PRE-DISTORTION TECHNIQUE FOR IMPROVING LINEARITY 
Another commonly used technique to improve the linearity performance of 
amplifiers is the pre-distortion technique. This basic principle behind this technique is 
to present a distorted input signal complimentary to the non-linear response of the 
main amplifier so as to achieve a linear output response. Figure 1.5 shows the basic 
form of apre-distortion lineruization scheme [11]- [13]. 
RESPONSE OF 
PREDISTORTER 
ＭＮＺＺ［［ＮＮＮＭＭＭＭｾｖｉｎ＠
INPUT 
----t-.-V OUT(P) = j3(V,N)t--:r---+..;--z-.-
VIN 
PREDISTORTER VOUT(P) 
V0ur(Pl =Output of Predistorter 
VOUT(P) = VIN(A) 
V1N(A) = Input to Main Amplifier 
V0u"A =Output of Main Amplifier 
OUTPUT, V0 UT 
VOUT(A) = VOUT 
Figure 1.5 Basic schematic of a pre-distortion amplifier 
OUTPUT 
RESPONSE 
The pre-distorter itself has a non-linear response function, ｾＨｖ＠ IN), and is 
generally placed at the input prior to the main amplifier as shown in Figure 1.5. The 
pre-distorter then operates on the input signal in such a way that its output signal is 
distorted in a precisely complementary manner to the distortion produced by the main 
amplifier with a non-linear function, F(VIN(A))· The resulting output signal is therefore 
11 
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an amplified, but undistorted replica of the input signal. As a typical example, this 
technique was evaluated on a 1.85GHz amplifier (providing an output power of 
27dBm at -1dB gain compression point) with a standard two-tone input [14]. Practical 
bench measurements showed that the unconected 1M3 levels improved by 20dB from 
-22dBc to -42dBc. 
Although the pre-distortion technique may achieve significant reduction in 
IMD, however, this technique still has a few limitations. The major disadvantage in 
this technique lies with the accuracy of the pre-distorter, where accurate phase and 
amplitude responses of the pre-distorter are required to have an overall effective 
linearising effect on the amplifier system. The pre .. distorter itself may consume DC 
power that will significantly affect the overall efficiency performance of the system. 
1.2.5.3 SECOND HARMONIC FREQUENCY INJECTION TECHNIQUE FOR IMPROVING 
LINEARITY 
This novel technique is based on using the non-lineruity of the main 
amplifier to cancel out the 3rd Order Intermodulation Distortion (IM3) products by 
dynamically controlling the injection of the 2nd hru·monic signals to the amplifier [15, 
16]. Figure 1.6 shows a general set-up of the 2nd harmonic frequency injection 
technique. 
12 
INPUT 
MAIN SIGNAL PATH 
CHAPTER 1: PROJECI' INI'RODUCT/ON AND 
LITERATURE REVIEW 
>---dl 
RESULTANT 
OUTPUT SIGNAL 
Figure 1.6 General setup of 2nd harmonic frequency injection technique 
The basic principle underlying this technique is to inject the 2nd harmonic 
frequencies of the original fundamental signal in addition to the fundamental source 
signal, at the input of the main amplifier as shown in Figure 1.6. The non-linear 
response of the amplifier causes interaction between the fundamental source signals 
and the injected 2nd harmonic signals. This interaction results in additional IM3 
products being generated at the output of the amplifier. Proper amplitude and phase 
adjustment to the injected 2nd harmonic signals are therefore provided so as to produce 
output 1M3 products exactly equal in amplitude but in anti -phase to the output IM3 
products generated by the fundamental input signals. The output from the main 
amplifier is therefore an undistorted, amplified version of the two-tone input signal. 
This technique was evaluated on a practical 900MHz amplifier showing an 
improvement of 20dB in IM3 levels [ 16]. 
13 
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The 2nd harmonic frequency injection technique does not require an 
additional error amplifier as in the case of the feed-forward technique, nor does it 
require an accurate pre-distorter as in the case of the pre-distortion technique. 
Unfortunately, this technique still requires sensitive and accurate phase and amplitude 
adjustments to the injected 2nd harmonic frequency. The requirement for a larger input 
drive level at the input so as to generate sufficient levels at the 2nd harmonic 
frequencies to the main input may reduce the efficiency of the system. 
1.2.5.4 DIFFERENCE FREQUENCY INJECTION TECHNIQUE 
The previous work on the 2nd harmonic injection technique to reduce IMD of 
an amplifier has been extended to the injection of the difference frequency (6- f1) 
[ 17] at the input of the amplifier as shown in Figure 1. 7. 
ll 
f1 f2 MAIN SIGNAL PATH 
ATTENUATOA 
RESULTANT 
OUTPUT SIGNAL 
Figure 1.7 General configuration of difference frequency injection technique 
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The basic principle of the difference frequency injection technique is similar 
to the principle of the 2nd harmonic frequency injection technique. In this case, a 
frequency corresponding to the difference of the two fundamental input carrier 
frequencies is applied in addition to the two-tone input signal at the input of an 
amplifier. The non-linearity of the amplifier results in generation of IM:D products for 
the fundamental two-tone input signals and the injected difference frequency signal 
respectively. Proper phase and amplitude control to the injected difference frequency 
signal therefore results in generation of Il\13 products that are equal in amplitude but 
180° anti-phase to the Il\13 products produced by the applied fundamental two-tone 
input signals. The output of the amplifier is therefore an undistorted amplified version 
of the fundamental two-tone input signals. This technique was applied to a practical 
amplifier operating at 870MHz with a two-tone test input. A reduction of 20dB (from 
-30dBc to -50dBc) in Il\13 levels was reported [17]. 
The advantages and disadvantages of this technique are similar to those of 
the 2nd harmonic frequency injection technique. 
1.2.6 COMMON TECHNIQUES FOR OBTAINING BOTH LINEARITY AND 
EFFICIENCY 
Performance enhancement techniques focused on improving the linearity of 
an amplifier have been described in the previous section. In this section, a summary of 
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operation on some of the most commonly used techniques aimed at improving both 
the linearity and efficiency of an amplifier are described. 
1.2.6.1 LOAD·PULL DESIGN TECHNIQUE FOR OBTAINING BOTH LINEARITY AND 
EFFICIENCY 
The load-pull [18] - [20] design technique still remains as one of the most 
popular methods for designing power amplifiers. Basically, the optimum source and 
load impedances for matching a transistor device that will offer optimum levels in 
output power, P AE and 1M3 petformance are determined using the load-pull system. 
Figure 1.8 show a basic configuration of a computer controlled automated microwave 
load pull tuner system. 
TRANSISTOR 
DEVICE 
Figure 1.8 Basic configuration of a computer controlled automated load-pull tuner 
system 
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The primary function of the load-pull equipment control unit (ECU) is to 
provide an automated control to various connecting equipments as shown in Figure 
1.8. The load-pull ECU controls the frequency settings, modulation format and power 
level of the signal source generator (input power level to the transistor device) whilst 
measuring the resultant output signal at the 500 load termination. The load-pull ECU 
also controls the gate and drain DC current and voltages to the transistor device. Most 
importantly, the load-pull ECU controls fundamental frequency input and output 
impedances to the transistor device via the variable source and load tuners. Each of 
these tuners consists of two motorised mechanical slugs that are controlled by the 
load-pull tuner software. 
The basic concept of the load-pull technique therefore relies on the use of 
variable input and output tuners to present a range of appropriate source and load 
impedances to the transistor device at the fundamental frequency as shown in Figure 
1.8. These impedances could also be optimised to maximize features such as gain, 
output power, efficiency and even the linearity (by replacing a single carrier source 
with a two-tone carrier source at the input) of an amplifier. The load-pull ECU 
basically measures the output performance for different load impedances for a fixed 
source impedance by following an operating algorithm as shown in Figure 1.9. 
17 
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RANGE OF INPUT 
SOURCE IMPEDANCES 
1.A1 +8 1 
2. A2 + 8 2 
3. A3 + 8 3 
If input impedance = ｾ＠ + 80 , then 
'--- end load-pull measurements, else 
go tostep1 
LITERATURE REVIEW 
RANGE OF OUTPUT 
LOAD IMPEDANCES 
1.X1 +Y 1 
2. X2+ y2 
3. X3 + 8 3 
... 
1. Adjust load tuner to 
present appropriate outpu ｾ＠
load impedance 
, r 
2. Measure corresponding 
output signals atson load 
termination 
r 
3. If output Impedance = >o< + Y0 , ｾ＠
------------1 then present next input impedanqe 
else repeat step1 "----
Figure 1.9 Basic algorithm for load-pull measurements 
The various measured output performances, such as output power, gain, 
P AE or IlVI3 levels, are then re-produced as separate contour plots of performance on 
a Smith chart as illustrated in Figure 1.10. Thus, a load-pull contour is basically a 
locus of all output impedances presented to the transistor device producing a certain 
output power level at a given frequency, and under the same DC bias and input RF 
drive power level [21, 22]. 
18 
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Figure 1.10 Typical load-pull contour curves on Smith chart 
Each contour curves as shown in Figure 1.10 represents a constant output 
performance that will be obtained for the various load impedances (indicated by the 
contour line on the smith chart), for a given source impedance. Therefore, information 
presented as shown in Figure 1.10 allows the optimum load impedances that provide. 
the best compromise for 1M3 and P AE performance to be easily determined. 
The load-pull technique so far offers the best solution to design power 
amplifiers that provide best levels of output performances. However, if these output 
performance parameters such as IMD levels does not meet certain requirements, then 
linearizing techniques such as those mentioned earlier would have to be used. A 
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further disadvantage of the load-pull technique is that the load-pull system is a costly 
investment and the time involved to obtain contour plots such as the one shown in 
Figure 1.10 is lengthy. 
1.2.6.2 DYNAMIC BIAS CONTROL TECHNIQUE FOR IMPROVING LINEARITY AND 
EFFICIENCY 
Figure 1.11 shows a basic schematic configuration of the dynamic bias 
control technique [23, 24] used to improve the 1M3 and P AE performance of an 
amplifier. 
INPUT SIGNAL OUTPUT SIGNAL 
MAIN AMPLIFIER 
Figure 1.11 Basic circuit configuration of a dynamic bias controlled amplifier 
The operating principle behind the dynamic bias control technique relies on 
making the appropriate adjustments to the voltages and cunents with varying input 
envelope signals without resulting in any RF signal clipping up to the maximum 
20 
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voltage swing level of the transistor device. Thus, for an amplifier operating in Class 
A, a lower DC power consumption is required and the P AE performance is improved, 
whilst maintaining the Class A performance in linearity before this is compromised at 
higher output power levels (2-3dB backed off from -1dB gain compression point) as 
illustrated in Figure 1.12. 
PAE 
50% 
-BEFORE 
c=AFfER 
p1dB 
Figure 1.12 Plot of P AE vs output power showing improvement in P AE at lower 
output power levels for a Class A amplifier 
This technique was evaluated on an L-Band lOW amplifier [23], optimised 
for linearity and efficiency whilst producing 5W of output power, where IM3 levels 
were measured at -30dBc and PAE was obtained at 42%. Thus, this technique 
provides an extra degree of freedom to operate a Class A amplifier at a higher P AE 
and lower 1M3 levels than would be otherwise be possible using only input power 
21 
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back-off. The disadvantage with this application lies with the operating range for 
these useful performances, which is still limited to lower drive levels, even with 
improvements in P AE and Thtl3 levels. 
1.2.6.3 HARMONIC CONTROL TECHNIQUE FOR IMPROVING LINEARITY AND 
EFFICIENCY 
The basic schematic of a harmonic control amplifier [25, 26] is shown in 
Figure 1.13. 
TUNING 
NETWO K 
0 
Figure 1.13 Block diagram of harmonic control amplifier 
The main objective of this technique is to inject a half-sinusoidal signal at 
the input of a Class A amplifier. The primary function of the Class B driver amplifier 
as shown in Figure 1.13 is to generate the higher harmonic frequencies other than the 
fundamental frequency at it's output, where only the fundamental and the 2nd 
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harmonic frequency signals are extracted. These two signals are then appropriately 
adjusted in amplitude and phase such that their resultant combined waveform is an 
approximate half-sinusoid to the input of the Class A amplifier, causing it to behave 
like a switch (gate or drain voltage is zero while still conducting RF current) as shown 
in Figure 1.13. By providing suitable harmonics load (short-circuit at the even 
harmonics and an open-circuit at the odd harmonics) at the output of the Class A 
amplifier, the resultant drain current waveforms become rectangular and the drain 
voltage becomes a half sinusoid. Thus, this amplifier will be able to offer a higher 
efficiency (as shown in Figure 1.14) whilst maintaining the linear performance of a 
Class A amplifier. This technique was evaluated with a two-stage amplifier operating 
at 1.62GHz with an output power level of 28dBm, and 1M3 level of -27dBc while 
PAE level was measured at 70% [25]. 
PAE 
100% 
50% 
-BEFORE 
=AFTER 
Figure 1.14 Comparison of P AE performance between Class A amplifier with and 
without the harmonic control technique 
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The disadvantage of this technique is that it requires an additional driver 
amplifier to generate the required signals that, through proper and sensitive phase and 
amplitude adjustments, produce a resultant half-sinusoidal waveform at the input of 
the Class A amplifier. The overall size of the equipments involved is another 
disadvantage of this technique. 
1.2.7 SUMMARY OF PERFORMANCE ENHANCEMENT TECHNIQUES 
A summary highlighting the advantages and disadvantages of the 
performance enhancement techniques discussed so far are provided in Table 1.1. 
No. 
1. 
2. 
Table 1.1 Summary of advantages and disadvantages of some performance 
enhancement techniques 
TECHNIQUE ADVANTAGES DISADVANTAGES 
1. Only improves IM3 1. Requires sensitive 
performance phase and amplitude 
adjustments 
2. Requires additional 
Feed-forward technique 
error amplifier 
3. Requires more space 
4. Reduced overall 
system efficiency 
1. Only improves IM3 1. Requires sensitive· 
performance and accurate pre-
Pre-distortion technique distorter 
2. Reduced overall 
system efficiency 
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3. 
4 
5. 
6. 
7. 
TECHNIQUE 
2nd harmonic injection 
technique 
Difference frequency 
injection technique 
Load-pull technique 
Bias control technique 
Harmonic control 
technique 
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ADVANTAGES DISADVANTAGES 
1. Only improves 1M3 1. Requires sensitive 
performance phase and amplitude 
adjustments 
2. Reduced overall 
system efficiency 
1. Only improves 1M3 1. Requires sensitive 
performance phase and amplitude 
adjustments 
2. Reduced overall 
system efficiency 
2. Provides input and 1. Costly equipments 
output matching 2. Time consuming 
impedances for an 3. Requires accurate 
amplifier to achieve calibration 
optimum levels of 4. Does not improve 
P AE and 1M3. the Ilv13 or P AE 
performance. 
1. hnproves P AE and 1. Limited range of 
maintains linearity 
performance at 
lower input ddve 
levels 
operation 
1. hnproves PAE and 1. Requires sensitive 
Ilv13 performance phase and amplitude 
adjustments 
The summary listed in Table 1.1 showed that sensitive phase and amplitude 
adjustments are required for most of these performance enhancement techniques. 
Thus, this PhD research program was expected to propose, investigate and develop 
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simpler and more effective novel circuit design techniques that improve both the 
linearity and P AE performance of a MESFET power amplifier. 
1.3 PROJECT OVERVIEW AND CONTRIBUTIONS 
The ultimate goal of this reseru.·ch was to propose, investigate and develop 
novel circuit design techniques that enhance the performance of a commercially 
available MESFET amplifier operating at 20Hz. Figure 1.15 provides an outline of 
the project activity and research methodology that was used over the three year period 
for this PhD project. 
LITERATURE REVIEW SIMULATION EXPERIMENTATION 
I PERFORMANCE ENHANCEMENT I 
TECHNIQUES FOR MESFET POWER 
AMPLIFIERS 
' l Techniques for improving INVESTIGATION OF CLOSE-TO-CHIP lUMPED bandwidth ELEMENT MATCHING BY SIMULATION 
I Techniques for improving ｬｩｮ･｡ｲｩｴｹｾ＠
INVESTIGATION OF TECHNIQUES FOR PRACTICAL CONFIRMATION OF 
:+ IMPROVING LINEARITY AND EFFICIENCY BY __,. 
TECHNIQUE FOR IMPROVING LINEARITY 
AND EFFICIENCY OF A PRACTICAL SIMULATION MESFET POWER AMPLIFIER 
I Techniques for improving ｾ＠efficiency 
Figure 1.15 Outline of research objectives and methodology 
Two novel techniques aimed at improving the performance of a MESFET 
amplifier have been proposed. One of these techniques was aimed at improving the 
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bandwidth of MESFET amplifiers. Thus, a novel technique of using lumped elements 
to provide matching within a transistor encapsulation was proposed and has been 
investigated by simulation. Investigations and simulations of this technique are 
desctibed in Appendix I. 
The second novel technique was aimed at improving the efficiency and 
linearity of MESFET amplifiers. This technique involved presenting a shunt short-
circuit at the difference frequency across the drain terminal of a MESFET amplifier. 
This technique was then confitmed on the bench practically. Details of these 
investigations, simulations and practical work are provided in the core chapters of this 
thesis. 
In summary, the requirements and objectives of this three year PhD research 
program have been met successfully. The investigations, simulations, interpretations 
and practical measurements made over these three years have been carefully 
structured and compiled into this PhD thesis. 
1.4 THESIS STRUCTURE 
The structure of this thesis begins with a brief overview of this research 
project, highlighting the objectives and milestones achieved in Chapter 1. Chapter 1 
also contains a literature review of some of the current and common techniques used 
for improving either the linearity or the efficiency of MESFET amplifiers. 
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Chapter 2 begins by discussing the exhaustive investigations that were 
focused on simulating the linearity and efficiency performance of a 2GHz MESFET 
amplifier with various output terminations at the 2nd and 3rd harmonics. Simulation 
results showed that slight improvements in 1M3 levels were obtained with a shunt 
short-circuit termination at the 2nd harmonic frequency across the drain terminal of the 
2GHz MESFET amplifier. Further simulations showed that provision of a 
fundamental frequency 'A/4 shunt short-circuit stub at the output produced more 
improvements in 1M3 and PAE levels. 
Chapter 3 begins where the investigations described in Chapter 2 concluded. 
Further investigations by simulation showed the provision of a shunt short-circuit 
especially at the difference frequency across the drain terminal of a MESFET 
amplifier resulted in significant improvements in two-tone IM:3/C and P AE 
performance. 
Chapter 4 outlines the development of a novel circuit design technique that 
improves both the linearity and efficiency of a 2GHz MESFET amplifier with a 
saturated output power level of 31 dBm. Simulation results showed that improvements 
in two-tone IM3/C (about 31dB improvement from -19dBc to -50dBc) and PAE 
(about 4.5% improvement from 26% to 30.5%) at a simulated output power of 
25dBm. 
The benefit of applying this novel technique was confirmed on the bench 
with a practical 2GHz MESFET amplifier. Chapter 5 provides detail discussion on 
28 
CHAPTER 1: PROJECT INTRODUCTION AND 
LITERATURE REVIEW 
implementation of a practical 20Hz MESFET amplifier, along with practical bench 
measurements. Practical two-tone measurements showed improvements in IM3/C 
(16.5dB improvement from -26dBc to -42.5dBc) and PAE (4% improvement from 
18.5% to 22.5%) at an output power level of 24.2dBm were obtained. Further 
practical measurement involving the use of complex digital modulated signals such as 
WCDMA and EDGE were applied at the input of the amplifier configurations under 
test separately. The 20Hz MESFET amplifier using this novel technique showed 
improvements in ACPR (13dB improvement from -31dBc to -44dBc) and PAE 
(1.8% improvement from 6% to 7.8%) at an output power level of 19.5dBm under a 
W-CDMA test environment. In a GSM-EDGE test environment, this amplifier 
configuration also showed improvements in EVM (3.6% improvement from 5.1% to 
1.5%), ACPR (8dB improvement from -33.5dBc to -41.5dBc) and PAE (1.7% 
improvement from 8% to 9. 7%) at an output power level of 20.5dBm. 
The highlights of this research program and recommendations for further 
research are described in the concluding chapter of this thesis, Chapter 6. 
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2 THE SIMULATION OF SPECIFIC HARMONIC LOAD 
TERMINATIONS ON TWO-TONE LINEARITY AND 
EFFICIENCY OF A 2GHz MESFET AMPLIFIER 
2.1 INTRODUCTION 
Some of the performance enhancement techniques discussed in the previous 
chapter [1] - [4] and some further research publications [5] - [7] showed that the 
analysis of certain harmonics were required in order to produce improvements in 
linearity or efficiency of an amplifier. However, these publications [1] - [7] did not 
cover the effects on linearity and efficiency, nor provide detailed analyses of 
providing specific harmonic load terminations at the output of a single stage 2GHz 
GaAs MESFET amplifier. 
Therefore, the main objective of this chapter was to investigate in greater 
detail, the effects on the linearity and efficiency performance of a single stage 2GHz 
GaAs MESFET amplifier by simulation, when specific harmonic tetminations are 
provided at the output of an amplifier. 
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2.2 SIMULATION CONFIGURATION 
A Mitsubishi MGF2430A 1 W packaged GaAs FET device operating at a 
centre frequency of 20Hz was selected. The operating frequency of 20Hz was 
preferred because it is a convenient representation for some current cellular mobile 
communications operating frequency bands (usually between 1.9GHz and 2.1GHz). 
Biasing the transistor for Class A operation produces less distortion 
compared to the other classes of amplifier operation [8]- [14], such as Class B, C, D 
and F, but is less efficient than these classes of amplifiers. Amplifiers biased at Class 
B, C, D and F can be very efficient, but unfortunately these amplifiers can generate a 
high level of distortion that will not be able to meet the strict linearity requirements 
for current mobile communication standards [8]- [14]. Thus, Class AB operation was 
selected because it provides a compromise between efficiency and linearity. 
An operating bias of 6V drain voltage and -2.1 V gate voltage corresponding 
to a Class AB/B mode of operation was therefore selected as a reasonable bias 
condition for investigation of an amplifier's non-linearity and efficiency performance. 
These specified bias voltages were fixed throughout all simulations to maintain 
consistency when comparing results. 
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2.2.1 SOURCE AND LOAD IMPEDANCES 
The MGF2430A MESFET device in an amplifier configuration was 
designed and simulated under matched conditions. The source impedance, Zsource, and 
load impedance, ZLoad, of the MGF2430A MESFET device were determined [11, 12, 
14] using a combination of theoretical equations and simulated parameters as 
described below. The source impedance, Zsource, was determined by taking the 
conjugate of Zilh as defined in Equation 2.1. 
Z Source = Z i: (2.1) 
where 
(2.2) 
The S11 parameter in Equation 2.2 can be determined from small signal S-
parameters simulation of the device at the specified operating bias. Simulation results 
suggested an S11 value of -0.722 - j0.476. This value was then substituted into 
Equations 2.2 and the conjugate of this result gave the required source impedance 
(Zsource = 3.7 + j18.9)Q for matching the device, provided that the load was matched. 
The load impedance, Zioad, for matching the device was determined by the following 
equations: 
(2.3) 
where 
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R _ (V(Bias)Dmin - VK11ee) 
Load - Ｈｉ､ｳ［ｾＩ＠ (2.4) 
* Z output = Z out (2.5) 
z;"r = conj(Z0 ,,r) (2.6) 
zout 
=Zo X (1+S22) 
(1- s22) 
(2.7) 
The value of (-0.426 - j0.093) for S2z was obtained by the simulating the 
small signal S-parameters of the transistor device. Substituting this value into 
Equation 2.7 and solving Equations 2.3- 2.5, ZLoad was found to be (14.3 + j7.9).Q. 
The source and load matching impedances have been determined and thus, 
all amplifier configurations using the Mitsubishi MGF2430A 1 W GaAs FET device at 
the specified bias conditions were assumed to have the same source and load 
matching conditions for consistency when comparing output performances. Ideal 
components in the form of loss less micros trips and stubs were used to design the input 
and output matching networks for these amplifier configurations. 
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2.2.2 EQUATION DEFINED IMPEDANCES 
Before discussing the effects of load terminations on linearity and efficiency 
in the following sections, it is necessary to explain the concept of an 'Equation-
defined', ideal shott-circuit or open-circuit in the Agilent ADS simulator. These ideal 
circuits are generally identified as n-port equation-defined hnpedance or S-parameters 
circuits. For these simulations, a one-pot1 equation-defined impedance circuit was 
used. To gain a better understanding of the basic operation of these 'Equation-
defined' circuits, Figure 2.1 shows the positions of these ideal series open-circuit and 
shunt short-circuit loads. These networks are basically positioned between the output 
of the transistor device and the output matching network of the amplifier. 
Packaged 
GaAs FET 
Harmonic Series Open-Circuit Load 
(Equation-defined impedance) 
ＬＭＭＭＭＭｾＭｾＭＭＭＭＭｾＭＭＭＭＭＭｾ＠I 
I 
I 
I 
I 
I 
I .._ ____ _ 
Output (Load) 
Matching Network 
(Ideal Components) 
Harmonic Shunt Short-Circuit Load 
(Equation-defined impedance) 
500 
LOAD 
Figure 2.1 Circuit schematic showing position of ideal equation-defined short and 
open-circuits 
Equation 2.8 was defined in the simulator to create a perfect short-circuit at a 
particular frequency, fo, and a perfect open circuit at all other frequencies, as shown in 
Figure 2.1. 
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If freq = fo then Zshort else Zopen endif (2.8) 
Z 1 -99 . 1-99 short = e + 1 X e (2.9) 
Z 1 99 • 1 99 opel!= e + 1 X e (2.10) 
A perfect open-circuit at another frequency of interests, fo', can similarly be 
defined by the following equation: 
If freq = fo' then Zopen else Zshort endif (2.11) 
Thus, by means of using these 'equation-defined' impedance circuits, it was 
possible to provide a perfect shunt short-circuit or series open-circuit at a specific 
frequency without affecting the impedances at other frequencies. 
2.2.3 REFERENCE AMPLIFIER 
The reference amplifier was designed with the source and load impedances 
determined in section 2.2.1 using ideal components (lossless microstrips and stubs). 
Figure 2.2 shows a circuit schematic of this reference amplifier used for simulations. 
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Packaged 
GaAs FET 
Output (Load) 
Matching Network 
(Ideal Components) 
50Q 
LOAD 
Figure 2.2 Basic circuit schematic of reference amplifier showing configuration of 
input and output matching networks 
The primary function of the reference amplifier was to provide a simple 
output matching network configuration without any form of performance 
enhancement circuit networks, whilst still providing the required load impedance. The 
reference amplifier configuration shown in Figure 2.2 shows an output matching 
network consisting of a length of an ideal microstrip line with an open-circuited shunt 
stub. 
· The input matching network (a length of an ideal microstrip line with an 
open-circuited shunt stub) of the reference amplifier was also designed to provide the 
required source impedance. This input matching network arrangement remained 
identical in other amplifier configurations since the investigations were only 
concetned with the load conditions at the output. 
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2.2.4 AMPLIFIER PERFORMANCE SIMULATION TESTS 
A standard two-tone test using a two-tone carrier, where both catriers are of 
equal amplitude, having a separation of 1MHz centred at 2GHz will be used to 
simulate the linearity and efficiency performance of the amplifiers . Figure 2.3 ｳｾｯｷｳ＠ a 
standard two-tone simulation test set-up in the Agilent ADS simulator. 
DC SUPPLY 
-2.1V Gate 
Voltage 
ｲＭｊｉｉｉｉｾＭＭＭＭＭＭＮ＠
TRANSISTOR 
DEVICE 
DC SUPPLY 
6V Drain 
Voltage 
_till I 
3 
50.0 
LOAD 
Figure 2.3 Two-tone simulation test set -up used in Agilent ADS simulator 
The input and output matching networks illustrated in Figure 2.3 consist of 
distributed elements arranged in a configuration similar to that shown in Figure 2.2. 
The RF source in the ADS simulator has the following set of equations that defines its 
operating characteristics for simulation: 
Upper Carrier = Operating Frequency + .!.. x Frequency Spacing 
2 
(2.11) 
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Lower Canier = Operating Frequency - _!_ x Frequency Spacing 
2 
Equations 2.11 and 2.12 define the frequency and the spacing of the two 
(2.12) 
fundamental carriers that formed the input signal to the amplifier. Equation 2.13 
below defines their individual average power. 
Upper Carrier Source Power = Actual RF Source Power- 3dBm (2.13) 
and 
Lower Carrier Source Power = Actual RF Source Power- 3dBm (2.14) 
The DC power consumed by the transistor device can be determined by the 
following equation. 
DC Power= (Gate Current x Gate Voltage)+ (Drain Cun-ent x Drain Voltage) 
(2.16) 
Multimeters 1 - 3 shown in Figure 2.3 can be used to measure the DC voltages 
and currents, as well as the RF levels of a signal. The DC cun-ents and voltages at the 
gate and drain of the transistor device can be determined from multimeters 1 and 2 
respectively as shown in Figure 2.2. The output RF power levels for the fundamental 
carriers and 3rd order intermodulation products can be determined directly from 
multimeter 3. 
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2.3 EFFECTS OF SPECIFIC LOAD TERMINATION ON TWO-TONE 
LINEARITY AND EFFICIENCY 
In the following sections, equation-defined short or open circuits at the 2nd 
and 3rd harmonic frequencies are provided at the output of the amplifier in a similar 
configuration to that shown in Figure 2.1. Higher order harmonics are not considered 
because their magnitudes are comparatively smaller than the 2nd and 3rd order 
harmonics and are therefore less significant. Table 2.1 is a list of amplifier 
configurations and their output matching descriptions that have been used for 
simulation. 
Table 2.1 List of amplifier configurations with various load terminations. 
No. AMPLIFIER CONFIGURATION OUTPUT LOAD TERMINATION TYPE 
1 Ideal 2nd Harmonic Short -Circuited Ideal shunt short-circuit at the 2na 
Amplifier harmonic frequency 
2 Ideal 2na Harmonic Open-Circuited Ideal series open -circuit at the 2nd 
Amplifier harmonic frequency 
3 Ideal 3rd Harmonic Short-Circuited Ideal shunt short-circuit at the 3rd 
Amplifier harmonic frequency 
4 Ideal 3rd Harmonic Open-Circuited Ideal series open -circuit at the 2nd 
Amplifier harmonic frequency 
5 Ideal 2nd and 3rd Harmonic Short- Ideal shunt short-circuit at the 2nd and 
Circuited Amplifier 3rd harmonic frequencies 
6 Ideal 2nd and 3rd Harmonic Open- Ideal series open-circuit at the 2nd and 
Circuited Amplifier 3rd harmonic frequencies 
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AMPLIFIER CONFIGURATION OUTPUT LOAD TERMINATION TYPE 
Ideal 2na Harmonic Short-Circuited, Ideal shunt short -circuit at the 2nd 
3 rd Harmonic Open-Circuited hru.monic frequency, ideal series open-
Amplifier circuit at the 3rd harmonic frequency. 
Ideal 2nd Harmonic Open-Circuited, Ideal series open-circuit at the 2 nd 
3rd Harmonic Short -Circuited harmonic frequency, ideal shunt short-
Amplifier circuit at the 3rd harmonic frequency. 
The following sections will discuss the two-tone performance of those 
amplifier configurations listed in Table 2.1 above in greater detail. 
2.3.1 AN INVESTIGATION OF THE BENEFITS OF PROVIDING SPECIFIED 2N° 
HARMONIC OUTPUT LOAD TERMINATIONS ON TWO-TONE IM3/C 
AND PAE PERFORMANCE 
Two amplifier configurations using selected load terminations at the 2nd 
Harmonic frequency have been simulated. Ideal shunt short-circuit and series open-
circuit at the 2nd harmonic frequency was provided in the positions shown in Figure 
2.4 and 2.5 respectively. 
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Output (Load) 
Matching Network 
(Ideal Components) 
Ideal 2nd Harmonic 
....._ ...... __.Shunt Short-Circuit Load 
(Equation-defined impedance) 
son 
LOAD 
Figure 2.4 Circuit schematic showing position of ideal 2nd harmonic shunt short-
circuit load 
Figure 2.4 shows the amplifier with an ideal 2nd harmonic shunt short-circuit 
load at the output circuit. This ideal 2nd harmonic shunt short-circuit load was 
positioned directly at the output of the packaged transistor device, prior to the output 
load matching network. 
Packaged 
GaAs FET 
Output (Load) 
Matching Network 
(Ideal Components) 
Ideal 2nd Harmonic 
Series Open-Circuit Load 
(Equation-defined impedance) 
Figure 2.5 Circuit schematic showing position of ideal 2nd harmonic series open-
circuit load termination 
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Figure 2.5 shows the amplifier configuration with an ideal 2nd harmonic 
series open-circuit load positioned immediately at the output of the transistor device. 
2.3.1.1 IDEAL 2ND HARMONIC SHUNT SHORT-CIRCUIT 
A standard two-tone simulation test was applied to the amplifier with an 
ideal 2nd harmonic shunt short-circuit. Figure 2.6 shows a simulated plot of two-tone 
IM3/C and P AE of this ideal 2nd harmonic short-circuited amplifier compared with 
that of the reference amplifier. 
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Figure 2.6 Comparison of two-tone IM3/C and P AE performance between amplifiers 
with and without ideal 2nd harmonic shunt short-circuit 
The simulation results displayed in Figure 2.6 suggest slight improvements 
in IM3/C performance (2dB improvement at best, from -2ldBc to -23dBc at output 
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power level of 23.3dm) compared with that of the reference amplifier. Provision of an 
ideal 2nd harmonic shunt short-circuit does not appear to improve the two-tone 
efficiency significantly as the simulated results show in Figure 2.6 (1.2% 
improvement at best, from 20.3% to 21.5% at output power level of 23.3dBm). 
2.3.1.2 IDEAL 2ND HARMONIC SERIES OPEN-CIRCUIT 
The performance of the amplifier configuration with an ideal series open-
circuit at the 2nd harmonic frequency was simulated and the two-tone IM3/C and P AE 
performance results displayed in Figure 2.7. 
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Figure 2.7 Comparison of two-tone IM3/C and P AE performance between amplifiers 
with and without ideal 2nd harmonic series open-circuit 
46 
CHAPTER 2: THE SIMULATION OF SPECIFIC 
HARMONIC LOAD TERMINATIONS ON TwO-TONE 
LINEARITY AND EFFICIENCY OF A 2GHz MESFET 
AMPliFIER 
Provision of an ideal 2nd harmonic series open-circuit does not appear to 
improve the simulated two-tone IM3/C or P AE petformance as illustrated in Figure 
2.7. Two-tone IM3/C and PAE performance between these two amplifiers is identical, 
showing that the amplifier with a series open-circuit at the 2nd harmonic frequency 
behaved exactly like the reference amplifier. 
2.3.1.3 SUMMARY OF SIMULATION RESULTS 
A summary of the simulated two-tone performances on the amplifier 
configurations with shunt short-circuit and series open-circuit loads at the 2nd 
harmonic frequencies are provided in Table 2.2. 
Table 2.2 Summary of results for amplifiers with 2nd harmonic load terminations 
IM3/C PAE 
AMPLIFIER CONFIGURATION [dBc] [%] 
1 Reference Amplifier -21 20.3 
2 Amplifier with an ideal shunt short -circuit at the 2nd harmonic -23 21.5 
frequency. 
3 Amplifier with an ideal series open-circuit at the 2nd harmonic -21 20.3 
frequency. 
Measurements taken at an amplifier output Jlower level of 23 .3dBm 
The effect of providing a series open-circuit at the 2nd harmonic frequency at 
the output does not produce any beneficial improvements in two-tone performance, as 
simulation results suggest in figures 2.5 and 2.6. Provision of a shunt 2nd harmonic 
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shott-circuit at the output showed slight improvements in simulated two-tone 
performance. 
2.3.2 AN INVESTIGATION OF THE BENEFITS OF PROVIDING SPECIFIED 3R0 
HARMONIC LOAD TERMINATIONS ON TWO-TONE IM3/C AND PAE 
PERFORMANCE 
The effects of 3rd harmonic load terminations on linearity are investigated by 
simulation in these following sections. Two amplifiers, one providing an ideal 3rd 
harmonic shunt short -circuit and the other providing an ideal 3rd harmonic series 
open-circuit have been simulated separately. The ideal equation-defined 2nd harmonic 
frequency shunt shott-circuit and series open circuit shown in Figures 2.4 and 2.5 
respectively have been replaced by ideal equation-defined shunt shott-circuit and 
series open-circuit at the 3rd harmonic frequency. 
2.3.2.1 IDEAL 3RD HARMONIC SHUNT SHORT-CIRCUIT 
An amplifier with an ideal 3rd harmonic shunt short-circuit at the output has 
been simulated in this section. Figure 2.8 shows a comparison plot of simulated two-
tone performances for this amplifier and the reference amplifier. 
48 
L...-______ ........,. _____________ ｾＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭ Ｍ ＭＭ - - -------
0 
-5 
-10 
0 
CHAPTER 2: THE SIMUlATION OF SPECIFIC 
HARMONIC LoAD TERMINATIONS ON TWO-TONE 
LINEARITY AND EFFICIENCY OF A 2GHz MESFET 
AMPliFIER 
35 
30 
25 1'\) ｾ＠
co 0 
::2. -15 20 ::::J CD 
Q 
-20 15 '"0 C") )> 
ｾ＠ m 
-25 10 ｾ＠
-30 5 
-35 0 
10 12 14 16 18 20 22 24 26 28 30 
2-Tone Pout [dBm] 
Figure 2.8 Comparison of two-tone Il\13/C and P AE performance for amplifiers with 
and without an ideal3rd harmonic shunt short-circuit 
Simulation results displayed in Figure 2.7 suggest that provision of a shunt 
short-circuit at the 3rd harmonic frequency actually degrades the Il\13/C (3dB 
degradation from -19.5dBc to -16.5dBc) and two-tone PAE performance (1% 
reduction from 25.8% to 24.8%) when measured at output power level of 25dBm. 
2.3.2.2 IDEAL 3RD HARMONIC SERffiS OPEN-CIRCUIT 
The two-tone performance of an amplifier with an ideal 3rd harmonic series 
open-circuit at the output have been simulated. Figure 2.9 compares the simulated 
two-tone performance of the amplifier with an ideal 3rd harmonic series open circuit 
and the reference amplifier. 
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Figure 2.9 Comparison of two-tone liVI3/C and P AE performance for amplifiers with 
and without an ideal3rd harmonic open-circuit series load. 
Provision of a series open-circuit at the 3rd harmonic frequency does not 
affect the two-tone IM3/C or PAE performance of the amplifier, as illustrated in 
Figure 2. 9. The simulated two-tone liVI3/C and P AE performance curves of the 
amplifier with a series open-circuit at the 3rd harmonic frequency are identical to the 
performance curves of the reference amplifier. 
2.3.2.3 SUMMARY OF SIMULATED RESULTS 
The simulated two-tone performances of the amplifier configurations having 
either a 3rd harmonic shunt short-circuit or series open-circuit load at the output are 
summarised in Table 2.3 below. 
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Table 2.3 Summary of results for amplifiers with 3rd harmonic load terminations 
IM3/C PAE 
AMPLIFIER CONFIGURATION [dBc] [%] 
Reference Amplifier -19.5 25.8 
Amplifier with an ideal shunt short-circuit at the 3ra harmonic -16.5 24.8 
frequency. 
Amplifier with an ideal series open-circuit at the 3ro harmonic -19.5 25.8 
frequency. 
Measurements taken at an amplifier output power level of 25dBm 
In summary, provision of a series open-circuit at the 3rd harmonic frequency 
showed no significant change in simulated two-tone IM3/C or P AE performance, 
compared with that of the reference amplifier. Simulated two-tone IM3/C and P AE 
performances are poorer when a shunt short-circuit at the 3rd harmonic frequency is 
provided at the output. 
2.3.3 AN INVESTIGATION OF THE BENEFITS OF PROVIDING BOTH 2N° AND 
3R0 HARMONIC LOAD TERMINATION TOGETHER ON TWO-TONE 
IM3/C AND PAE PERFORMANCE 
The previous sections have detailed the benefits of providing either a 2nd or a 
3rd harmonic load terminations on linearity and efficiency. The benefits of providing a 
combination of both 2nd and 3rd harmonic load terminations on linearity and efficiency 
have been investigated by simulation and are described in this section. A total of 4 
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amplifier configurations (refer to amplifier configurations 6-9 in Table 2.1) have been 
simulated. 
2.3.3.1 IDEAL 2ND AND 3RD HARMONIC SHUNT SHORT-CIRCUITS 
An amplifier having ideal shunt shott-circuits at the 2nd and 3rd harmonic 
frequencies has been designed and Figure 2.10 shows the simulated two-tone Th13/C 
and P AE performance of this amplifier compared with those of the reference 
amplifier. 
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Figure 2.10 Comparison of two-tone Th13/C and P AE performance for amplifiers 
with and without both ideal 2nd & 3rd harmonic shunt short -circuits 
Figure 2.10 shows the simulated two-tone performance of the amplifier with 
ideal 2nd and 3rd harmonic shunt short-circuits at the output. Simulation results 
indicate an improvement in IrvJ;3/C performance (2dB improvement from -21dBc to-
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23dBc) and a slight improvement in PAE (1.2% improvement from 20.3% to 21.5%) 
at output power of 23 .3dBm compared with the performance of the reference 
amplifier. 
2.3.3.2 IDEAL 2ND AND 3RD HARMONIC SERIES OPEN-CIRCUITS 
The simulated two-tone performance of an amplifier having an ideal 2nd and 
3rd harmonic series open-circuit at the output has been investigated. Figure 2.11 shows 
the simulated two-tone performances of this amplifier compared with the reference 
amplifier. 
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Figure 2.11 Comparison of two-tone IM3/C and PAE performance of amplifiers with 
and without both ideal 2nd & 3rd harmonic series open-circuits 
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Simulated results displayed in Figure 2.10 suggest that the provision of 
series 2nd and 3rd harmonic frequencies open-circuits at the output does not produce 
any significant effects on two-tone IM3/C and P AE performance, compared with the 
reference amplifier. 
2.3.3.3 IDEAL 2ND HARMONIC SHUNT SHORT-CIRCUIT AND IDEAL 3RD HARMONIC 
SERIES OPEN-CIRCUIT 
The two-tone performance of an amplifier having an ideal 2nd hrumonic 
shunt short-circuit and an ideal 3rd harmonic series open-circuit has been simulated 
and results compared with those of the reference amplifier as shown in Figure 2.12. 
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Figure 2.12 Comparison of two-tone IM3/C and P AE performance for amplifiers 
with and without both ideal 2nd harmonic shunt short-circuit and 3rd harmonic series 
open-circuit 
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Simulation results show small improvements in IM3/C performance (2dB 
improvement at best, from -21dBc to -23dBc) and PAE (1.2% improvement at best, 
from 20.3% to 21.5%) were obtained at output power level of 23.3dBm, as shown in 
Figure 2.12 compared to those of the reference amplifier. 
2.3.3.4 IDEAL 2ND HARMONIC SERIES OPEN-CIRCUIT AND IDEAL 3RD HARMONIC 
SHUNT SHORT-CIRCUIT 
An ideal series open-circuit at the 2nd harmonic and a shunt short -circuit at 
the 3rd harmonic has been provided at the output of an amplifier and the simulated 
two-tone performance of this amplifier is shown in Figure 2.13. 
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Figure 2.13 Comparison of two-tone IM3/C and P AE performance for amplifiers 
with and without both ideal 2nd harmonic series open-circuit and 3rd harmonic shunt 
short-circuit loads. 
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Provision of both shunt short -circuit at the 3rd harmonic frequency and a 
series open-circuit at the 2nd harmonic frequency actually degrades the IM3/C (3dB 
degradation from -19.5dBc to -16.5dBc) and two-tone PAE performance (1% 
reduction from 25.8% to 24.8%) at output power level of 25dBm. 
2.3.3.5 SUMMARY OF SIMULATED RESULTS 
Table 2.4 summarises the simulated two-tone performances of the amplifiers 
mentioned in this section. 
Table 2.4 Summary of results for amplifiers with both 2nd & 3rd harmonic load 
terminations 
AMPLIFIER CONFIGURATION IM3/C PERFORMANCE* PAE PERFORMANCE* 
1 Ideal shunt short-circuits at Improvement of 2dB to 1.2% improvement to give 
both the 2nd & 3rd harmonic give - 23dBc. 21.5%. 
frequencies. 
2 Ideal series open-circuits at No apparent changes in No apparent changes in 
both the 2nd & 3rd harmonic performance compared performance compared 
frequency. with Reference Amplifier. with Reference Amplifier. 
3 Both ideal shunt short-circuit Improvement of 2dB to Improvement of 1.2% to 
at 2nd harmonic, series ·open- give -23dBc. give 21.5%. 
circuit at 3rd harmonic 
frequency. 
4 Both ideal series open-circuit Reduction of 3dB to give- Reduction of 1% to give 
at 2nd harmonic, shunt short- 16.5dBc 24.8%. 
circuit at 3rd harmonic 
frequency. 
*Best/Worst performance compared with Reference Amplifier. Results taken at amplifier output power 
ranging between 23 .3dBm and 25dBm 
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Results displayed in Table 2.4 suggest that provision of a shunt 2nd harmonic 
short-circuit at the output was sufficient to produce slight improvements in both the 
two-tone lM3/C and P AE performances compared to the reference amplifier. 
2.3.4 AN INVESTIGATION OF THE BENEFITS OF PROVIDING AN IDEAL 
FUNDAMENTAL FREQUENCY ')J4 SHUNT SHORT-CIRCUIT STUB ON 
TWO-TONE LINEARITY AND EFFICIENCY 
The ideal fundamental frequency 'AJ4 shunt short-circuit stub is a circuit that 
effectively provides short-circuits at the 2nd harmonic frequency and at all other even 
harmonic frequencies (i.e. 4th, 6th, etc) whilst at the same time presenting an open-
circuit at the fundamental frequency and at all other odd harmonic frequencies (i.e. 
5th, 7th, etc). Figure 2.14 shows a circuit schematic showing the position of the 
fundamental frequency IJ4 shunt short-circuit stub. 
Packaged 
GaAs FET 
Output (Load) 
Matching Network 
(Ideal Components) 
Ideal DC blocking 
capacitor 
frequencyA/4 shunt 
short-circuit stub 
Figure 2.14 Circuit schematic showing proposed position of the ideal fundamental 
IJ4 shunt short-circuited line. 
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The ideal fundamental frequency 'A/4 shunt sho11-circuit stub is positioned 
between the output of the transistor device and the output load matching network, as 
shown in Figure 2.14. The function of the ideal DC blocking capacitor was to prevent 
the drain DC bias from short-circuiting to ground. Figure 2.15 shows the simulated 
two-tone performance curves of the amplifier with an ideal fundamental frequency 
IJ4 shunt short-circuit stub. 
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Figure 2.15 Comparison of two-tone IM3/C and P AE performance between 
amplifiers with and without the ideal fundamental 'A/4 shunt short-circuit stub. 
Significant improvements in two-tone IM3/C ( 14dB improvement from -
20dBc to -34dBc) and PAE (3% improvement from 24.5% to 27.5%) were obtained 
at an output power of 24.5dBm, as illustrated in Figure 2.15, compared with the two-
tone IM3/C and P AE performance of the reference amplifier at the same output power 
level. The provision of a simple ideal fundamental frequency 'A/4 shunt short-circuit 
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stub at the output has effectively improved the two-tone IM3/C and PAE performance 
simultaneously, especially with a large improvement in the two-tone IM3/C 
performance (commonly refe1Ted to as the IMD 'sweet-spot'). Similar observations on 
this classic IMD 'sweet-spot' have also been made previously [16]- [19]. 
Investigations by Carvalho et al [16, 17] showed, with the aid of a 
mathematical model, that the occurrence of the IMD 'sweet-spot' was due to the bias 
circuitry providing a low impedance at base-band and at the 2nd harmonic frequencies. 
Investigations made by Kawasaki et al [18], however, showed that the provision of a 
proper drain terminal bypass capacitor to de-couple the difference frequency 
improved the 1M3 performance. These publications, however, did not relate the IMD 
'sweet-spot' to the use of a fundamental frequency 'A/4 shunt short-circuit stub at the 
output and have also failed to address the effects of providing such terminations on 
efficiency. Although, Hwang et al [19] described improvements in both linearity and 
efficiency, however, a bias feed using a 'A/41ine at the input, rather than at the output 
was used. 
Hence, the provision of a fundamental frequency 'A/4 shunt short-circuit stub 
at the output of a 20Hz MESFET amplifier resulting in improvements for both 
simulated two-tone IM3/C and P AE performance is reported for the first time. 
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2.4 CONCLUSION AND DISCUSSION 
Extensive investigations by simulating the effects of various specified 
harmonic load terminations on two-tone linearity and efficiency have been performed. 
Through the use of equation-defined short/open-circuits, it has been possible to 
provide ideal short/open-circuits at the 2nd or 3rd harmonic frequencies. Two-tone 
simulation results showed that provision of an equation-defined ideal shunt short-
circuit at the 2nd harmonic frequency produced a modest improvement in the two-tone 
IM3/C and P AE performance. It is, perhaps, doubtful if it is worth implementing such 
a circuit in a practical amplifier since the performance improvement is small. 
One possible method of implementing a 2nd harmonic shunt sho11-circuit is 
to use a fundamental frequency IJ4 shunt short-circuit stub which provides a sho11-
circuit at the 2nd harmonic frequency. Two-tone simulation tests of the amplifier with 
a fundamental frequency IJ4 shunt shod-circuit stub showed that useful 
improvements in IM3/C and PAE could be achieved simultaneously. Thus, this 
amplifier configuration is worthy of implementation in a practical amplifier, in 
contrast to the situation described in the paragraph above. 
A discussion on the difference in the simulated two-tone IM3/C and P AE 
petformance results between the amplifier with an equation-defined 2nd harmonic 
shunt short-circuit and the amplifier with a fundamental frequency ').J4 shunt short-
circuit ｳｾｵ｢＠ is given in the next chapter. 
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3 OPTIMUM DRAIN LOAD TERMINATIONS FOR 
IMPROVING THE TWO-TONE LINEARITY AND TWO-
TONE EFFICIENCY OF A 2GHz MESFET 
AMPLIFIER 
3.1 INTRODUCTION 
The two-tone IM3/C and two-tone P AE performance benefits of providing a 
fundamental /J4 shunt short-circuit stub at the drain of an amplifier output have been 
investigated in ｴｨｾ＠ last chapter. Simulation results showed that the provision of an 
ideal 2nd harmonic shunt short-circuit at the output a Mitsubishi MGF2430A 1 W 
MESFET microwave power amplifier produced a slight improvement in the two-tone 
IM3/C and P AE performance. 
A fundamental frequency /J4 shunt short-circuit stub which also provides a 
short-circuit at the 2nd harmonic frequency, showed greater improvements in two-tone 
IM3/C and P AE performance when provided at the output of an amplifier. The 
differences between the results of these two amplifier configurations have therefore 
been investigated and will be discussed in greater detail in this chapter. 
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3.2 FUNDAMENTAL FREQUENCY ')J4 SHUNT SHORT-CIRCUIT STUB 
The most significant difference between the ideal equation-defined 2nd 
harmonic shunt short-circuit and the fundamental frequency /J4 shunt short-circuit 
stub lies in the frequency responses of these two circuits. The ideal equation-defined 
2nd harmonic shunt short-circuit only provides a shunt short-circuit at the 2nd harmonic 
frequency and a shunt open-circuit at all other frequencies. On the other hand, the 
fundamental frequency /J4 shunt short-circuit stub has a frequency dependent 
impedance, varying between a shunt open-circuit and a shunt short-circuit. Figure 3.1 
shows a circuit network that was used in the Agilent ADS simulator to simulate the 
frequency response of the fundamental frequency 'A/4 shunt short-circuit stub and the 
cotl'esponding simulated results are displayed in Figure 3.2. 
Port 1 Port 2 
frequencyA/4 shunt 
short-circuit stub 
son 
LOAD 
Figure 3.1 Circuit network for simulating frequency response of fundamental 
frequency /J4 shunt short-circuit stub 
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Figure 3.1 shows the fundamental frequency ').J4 shunt shott-circuit stub 
positioned between a 50.Q small signal source at the input, Port 1, and a 50.Q 
termination at the output, Port 2. The main function of the ideal DC blocking 
capacitor was to prevent the drain DC bias from short-circuiting to ground as shown 
in Figure 2.14. The simulated frequency response was measured at the output, Port 2, 
referenced to the input, Port 1 of the fundamental frequency ')..)4 shunt short-circuit 
stub. In the ADS simulator, this required frequency response was defined as the S21 
frequency response of the fundamental frequency ')..)4 shunt sho1t -circuit stub. 
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Figure 3.2 S21 frequency response of fundamental frequency shunt short-circuit stub 
A fundamental frequency of 20Hz has been used for simulating the 
frequency response of the fundamental frequency 'A/4 shunt short-circuit stub. The 
simulated results illustrated in Figure 3.2 showed nulls at 40Hz (2nd harmonic 
frequency), 80Hz (4th harmonic frequency) and 120Hz (6th harmonic frequency), 
clearly indicating that the even harmonics of the harmonics of the fundamental 
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frequency have been presented with a short-circuit impedance as would be ･ｸｰｾ｣ｴ･､Ｎ＠
Figure 3.2 also shows another null close to DC, illustrating the fact that the 
fundamental frequency ')J 4 shunt short -circuit stub was also providing a shunt low 
impedance at the frequencies close to DC, here referred to as the lower frequencies. 
A two-tone input signal with a frequency separation of lMHz was applied to 
the following amplifier configurations: the reference amplifier, the amplifier with an 
ideal 2nd harmonic shunt short -circuit, and the amplifier with a fundamental frequency 
IJ4 shunt sho1t-circuit stub, where their output spectra are compared in Figure 3.3. 
SPECTRAL CONTENT OF REFERENCE AMPLIAER 
0.0 1.0 2.0 3.0 4.0 5.0 3.11070 3.9980 3.11090 4.0000 4.0010 4.0020 4.0030 
Frequency (MHz) 
Figure 3.3a Output spectrum a! lower frequencies 
o.o 1.0 2.0 3.0 4.o 5.'o 
Frequency (MHz) 
Figure 3.3g Output spectrum at lower frequencies 
1.9975 1.9985 1.9995 2.0005 2.0015 2.0025 
Frequency (GHz) 
Figure 3.3h Output spectrum at fundamental frequency 
Frequency (GHz) 
Figure 3.3 Comparison of output spectra of reference amplifier (3.3(a)- (c)), 
amplifier with ideal 2nd harmonic shunt short-circuit (3.3(d)- (f)) and amplifier with 
fundamental frequency IJ4 shunt short-circuit stub (3.3(g) -(i)) 
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The simulated two-tone specttums of these amplifier configurations were 
taken at combined two-tone output power levels of around 24dBm for two reasons. 
The first was to maintain a consistent comparison in the results and the second reason 
was due to the fact that significant improvements in simulated two-tone IM3/C and 
P AE performance occurred at that power level for the amplifier with a fundamental 
frequency IJ4 shunt short-circuit stub (refer to Figure 2.15). 
The simulated two-tone spectral information at the lower frequencies 
contained only the spectral content at the frequency spacing, here referred to as the 
difference frequency, of the two fundamental input tones and its harmonics (refer to 
Figures 3.3a, 3.3d and 3.3g). The simulated two-tone output spectrum at the lower 
frequencies also contained the spectrum of the 2nd, 3rd and 4th harmonics of the 
difference frequency. The amplifier having a fundamental frequency 'A/4 shunt short-
circuit showed a large reduction in the spectral contents at the lower frequencies, 
especially at the difference frequency by 50dB from 13dBm to -37dBm (refer to 
Figure 3.3g), compared with the lower frequencies spectral content of the reference 
amplifier and the amplifier with an ideal 2nd harmonic frequency shunt short-circuit 
(Refer to Figures 3.3a and 3.3d). These results therefore clearly illustrate the fact that 
the fundamental frequency 'A/4 shunt short-circuit stub is providing a low shunt 
impedance at the lower frequencies. 
The output spectral content at the 2nd harmonic frequency of the amplifier 
with an ideal 2nd harmonic frequency shunt short-circuit and the amplifier with the 
fundamental frequency 'A/4 shunt sho11-circuit stub are significantly smaller compared 
68 
CHAPTER 3: OPTIMUM DRAIN LOAD TERMINATIONS 
FOR IMPROVING THE TWO-TONE LINEARITY AND Two-
TONE EFFICIENCY OF A 2GHz MESFET AMPLIFIER 
to the output spectral content at the 2nd harmonic frequencies of the reference 
amplifier (refer to Figures 3.3c, 3.3f and 3.3i). This result clearly illustrates that both 
the amplifier with an ideal 2nd harmonic shunt short-circuit and the amplifier with a 
fundamental frequency 'A/4 shunt short-circuit stub are providing a short-circuit at the 
2nd harmonic frequency, as would be expected. Table 3.1 provides a summary of some 
important spectral information displayed in Figure 3.3. 
Table 3.1 Summary of Spectral Information 
M 2fl 2f2 IM3/Cl IM3/C2 PAE 
No. AMPLIFIER DESIGN [dBm] [dBm] [dBm] [dBc] [dBc] [%] 
1 Reference Amplifier 13.83 -6.40 -6.22 -21.40 -21.29 20.31 
Amplifier with ideal 2na 
2 harmonic shunt short- 13.01 -486.4 -485.8 -23.08 -22.98 20.90 
circuit 
Amplifier with 
3 
fundamental frequency 
-40.10 -58.23 -58.11 -34.43 -34.08 27.64 
IJ4 shunt short-circuit 
stub 
Measurements taken at an amplifier output power level of 24dBm 
ｾｦ＠ = Difference Frequency; 
2f1 = 2nd Harmonic of Fundamental Lower Tone; 
2f2 = 2"d Harmonic of Fundamental Upper Tcine; 
IM3/C1 = Lower IM3/C; 
IM3/C2 = Upper IM3/C 
The simulated two-tone results displayed in Figure 3.3 strongly suggest that 
the fundamental frequency IJ 4 shunt short -circuit stub at the drain terminal of the 
Mitsubishi MGF2430A 1 W MESFET device providing a shunt low impedance at the 
lower frequencies is significant. An improvement in the simulated two-tone IM3/C 
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and PAE performance (refer to Figure 3.3h) has been observed for the amplifier 
configuration with a fundamental frequency /..../4 shunt short-circuit stub which 
provided a shunt low impedance at the lower frequencies. 
The impedance of the fundamental frequency /..../4 shunt short-circuit is 
frequency dependent as described previously. A frequency selective fundamental 
frequency AJ4 shunt short-circuit stub was therefore required to restrict the range of 
frequencies affected by the presence of this stub. Thus a novel simulation design 
technique to provide a frequency selective fundamental frequency /..../4 shunt short-
circuit stub has been proposed and is discussed in the following section. 
3.2.1 PROVISION OF AN IDEAL BANDPASS FILTER IN CASCADE WITH THE 
FUNDAMENTAL FREQUENCY ')J4 SHUNT SHORT-CIRCUIT STUB AT 
THE OUTPUT 
A novel simulation design technique to provide an ideal bandpass filter in 
cascade with the fundamental frequency /..../4 shunt short-circuit stub in order to 
present a frequency selective impedance was proposed. The primary objective of 
providing an ideal bandpass filter in cascade with the fundamental frequency AJ4 
shunt short -circuit stub was to restrict the range of frequencies affected by the 
presence of the fundamental frequency /..../4 shunt short-circuit stub. Alteration of the 
filtering characteristics of the ideal bandpass filter enabled the effect of a fundamental 
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frequency 'A/4 shunt short-circuit stub at selected frequencies to be examined. An 
'equation-defined' bandpass filter, here referred to as the ideal bandpass filter has 
been provided in the position shown in Figure 3.4. 
Packaged 
GaAsFET 
-, 
I I 
I I 
I I L __ 
.J 
Output (Load) 
Matching Network 
(Ideal Components 
Ideal Bandpass Filter 
(Equation-defined Filtering) 
frequencyA/4 shunt 
short-circuit stub 
50.Q 
LOAD 
Figure 3.4 Circuit schematic showing position of ideal 'equation-defined' bandpass 
filter at the output 
The filtering characteristics of this ideal bandpass filter were expressed by 
the following equations in the Agilent ADS simulator: 
Lower Band Rejection = if freq < Lower Frequency then Zopen else Zshort endif 
(3.1) 
and 
Upper Band Rejection = if freq > Upper Frequency then Zopen else Zshort endif 
(3.2) 
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Zopen and Zshort are open and short-circuit impedances previously expressed 
in Equations 2.8 and 2.9 respectively. A list of amplifier configurations and their 
respective output networks using the ideal equation defined bandpass filters are 
described in Table 3 .2. 
No. 
1 
2 
3 
Table 3.2 List of amplifier configurations with various load terminations. 
AMPLIFIER CONFIGURATION 
Ideal 2"0 harmonic frequency 
bandpass filtered amplifier 
Ideal low frequencies and 2"0 
harmonic frequency bandpass 
filtered amplifier 
Ideal low frequencies bandpass 
filtered amplifier 
LOAD TERMINATION TYPE 
Ideal 2"0 harmonic bandpass filter in 
cascade with the fundamental frequency 
IJ4 shunt short-circuit stub 
Ideal low frequencies and 2no harmonic 
frequency bandpass filter in cascade 
with the fundamental frequency IJ4 
shunt short-circuit stub 
Ideal low frequencies bandpass filter in 
cascade with the fundamental frequency 
IJ4 shunt short-circuit stub. 
4 Ideal difference frequency and 2nd Ideal difference frequency and 2nd 
harmonic frequency bandpass harmonic frequency bandpass filter in 
filtered amplifier cascade with the fundamental frequency 
IJ4 shunt short-circuit stub 
5 Ideal difference frequency bandpass Ideal difference frequency bandpass 
filtered amplifier filter in cascade with the fundamental 
frequency IJ4 shunt short-circuit stub 
The two-tone IM3/C and P AE performances of these amplifier configurations 
listed in Table 3.2 have been simulated and are discussed in the following sections. 
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3.3 PROVISION OF OPTIMUM LOAD TERMINATIONS FOR IMPROVING 
THE TWO-TONE PERFORMANCE OF MICROWAVE POWER 
AMPLIFIERS 
The two-tone IM3/C and P AE performance of the 20Hz amplifier in which 
the ideal 'equation-defined' bandpass filter was placed in cascade with the 
fundamental frequency IJ4 shunt short-circuit stub at the output of an amplifier was 
investigated. By controlling the range of frequencies accessible to the fundamental 
frequency 'A/4 shunt short-circuit stub, it is possible to identify the load impedance 
conditions this stub has provides which improve the simulated two-tone IM3/C and 
P AE performances of the amplifier. 
3.3.1 SIMULATION OF AN IDEAL BANDPASS FILTER AT THE 2N° HARMONIC 
FREQUENCY IN CASCADE WITH A FUNDAMENTAL FREQUENCY 'JJ4 
SHUNT SHORT-CIRCUIT STUB AT THE OUTPUT ON TWO-TONE IM3/C 
AND PAE 
An amplifier configuration having an ideal 2nd harmonic frequency bandpass 
filter in cascade with the fundamental frequency 'A/4 shunt short-circuit stub was 
designed as shown in Figure 3.5 and the two-tone IM3/C and PAE performance 
simulated. 
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Output (Load) 
Matching Network 
{Ideal Components 
Equation-defined ideal bandpass 
filter at 2Jd harmonic frequency 
frequencyA/4 shunt 
short-circuit stub 
50Q 
LOAD 
Figure 3.5 Amplifier configuration with ideal 2nct harmonic frequency bandpass filter 
in cascade with the fundamental frequency ')J4 shunt short-circuit stub 
The amplifier configuration shown in Figure 3.5 is similar to the amplifier 
configuration having an ideal equation-defined 2nd harmonic shunt short-circuit shown 
in Figure 2.4 (refer to Chapter 2, section 2.3.1). Both amplifier configurations have 
ideal frequency-dependent impedance circuits defined by equations that provide a 
short-circuit impedance at the 2nd harmonic frequency only. 
Figure 3.6 shows 4 plots displaying the output spectral information as well 
as the two-tone IM3/C and PAE performance of the amplifier with an ideal bandpass 
filter at the 2nd harmonic frequency in cascade with the fundamental frequency ')J4 
shunt short-circuit stub. The two-tone IM3/C and PAE performances of this amplifier 
are compared to those of the reference amplifier. 
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Figure 3.6 Simulated two-tone performance results of amplifier with ideal 2nd 
harmonic bandpass filter in series with fundamental JJ4 shunt short-circuit stub 
The spectral content at the lower frequencies has not been affected and 
remained similar to that of the reference amplifier shown in Figure 3 .3a. This was 
because the fundamental frequency 'A/4 shunt short-circuit stub was no longer 
providing a low impedance at the lower frequencies. fu contradistinction, the spectral 
content at the 2nd harmonic frequencies shown in Figure 3 .5c was significantly small 
compared with the 2nd harmonic spectrum of the reference amplifier shown in Figure 
3.3c, indicating the presence of a short-circuit at the 2nd harmonic frequency, which 
was provided by the ideal 2nd harmonic bandpass filter in cascade with the 
fundamental frequency ')J4 shunt short-circuit stub. Simulated two-tone llvi3/C and 
P AE performance displayed in Figure 3 .5d were identical to the two-tone simulation 
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results of an amplifier configuration with an ideal 2nd harmonic short-circuit (refer to 
Figure 2.6 in Chapter 2, section 2.3.1.1). 
Table 3.3 Summary of performance for amplifier with ideal 2nd harmonic frequency 
bandpass filter in series to fundamental frequency 'A/4 shunt short-circuit stub 
M 2ft 2f2 IM3/Ct IM3/C2 PAE 
AMPLIFIER CONFIGURATION [dBm] [dBm] [dBm] [dBc] [dBc] [%] 
Amplifier with ideal bandpass 
filter at 2nd harmonic 
frequency in cascade with the 13.01 -59.58 -59.45 -23.09 -22.98 21.50 
fundamental frequency 'A/4 
shunt sho11-circuit stub 
Measurements taken at an amplifier output power level of 23.3dBm 
.Llf = Difference Frequency; 
2f1 = 2nd Harmonic of Fundamental Lower Tone; 
2f2 = 2nd Harmonic of Fundamental Upper Tone; 
IM3/C1 =Lower IM3/C; 
IM3/C2 = Upper IM3/C 
Table 3.3 summarises the simulated two-tone perfotmance of the amplifier 
with an ideal bandpass filter at the 2nd harmonic frequency in cascade with the 
fundamental frequency A/4 shunt short-circuit stub. Based on these figures, it is 
apparent that the short -circuit at the 2nd harmonic frequency provided by the 
fundamental frequency A/4 shunt short-circuit stub was clearly not responsible for the 
simultaneous improvements in IM3/C and P AE performance displayed in Figure 2.15 
(refer to Chapter 2, section 2.3.4). 
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3.3.2 SIMULATION OF AN IDEAL BANDPASS FILTER AT BOTH THE LOWER 
FREQUENCY AND 2N° HARMONIC FREQUENCY IN CASCADE WITH A 
FUNDAMENTAL FREQUENCY ')J4 SHUNT SHORT-CIRCUIT STUB AT 
THE OUTPUT ON TWO·TONE IM3/C AND PAE 
The two-tone IM3/C and PAE performance of an amplifier having ideal 
bandpass filters at both the lower frequencies and 2nd harmonic frequency in cascade 
with a fundamental frequency I.J4 shunt short-circuit stub at the output have been 
simulated. The circuit schematic of this amplifier configuration is shown in Figure 
3.7. 
Packaged 
GaAs FET 
, 
I 
I 
I 
J 
Ideal DC blocking/ 
capacitor 
Output (Load) 
Matching Network 
(Ideal Components 
Equation-defined ideal --...--... Equation-defined ideal 
bandpass filter at bandpass filter at ｾ＠
lower frequencies harmonic frequency 
frequencyA/4 shunt 
short-circuit stub . 
son 
LOAD 
Figm·e 3. 7 Amplifier with both ideal lower frequency and 2nd harmonic frequency 
bandpass filters in cascade with fundamental frequency I.J4 shunt short-circuit stubs 
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Figure 3.8 Simulated two-tone performance of amplifier with ideal low frequencies 
and 2nd harmonic frequency bandpass filter in cascade with fundamental frequency 
IJ4 shunt sho11-circuit stub 
Figure 3.8 shows 4 plots displaying the simulated two-tone IM3/C and PAE 
performance of this amplifier as well as the spectral information. The spectrum at the 
lower frequency and at the 2nd harmonic frequency of this amplifier configuration 
illustrated in Figures 3.8a and 3.8c are similar to the lower frequency and 2nd 
harmonic frequency spectrum of the amplifier with a fundamental frequency 'A/4 shunt 
short-circuit stub shown in Figures 3.3g and 3.3i. These results displayed in Figures 
3.8a and 3.8c showed significant attenuation of the power levels at both the lower 
frequencies and at the 2nd harmonic frequency, clearly indicating that a shunt low 
impedance has been provided at both the low frequencies and at the 2nd harmonic 
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frequency. The simulated two-tone IM3/C and PAE performance results shown in 
Figure 3.8d are identical to the results displayed in Figure 2.15. 
Table 3.4 Summary of performance for amplifier with both ideal lower frequencies 
and 2nd harmonic frequency bandpass filters in series to fundamental frequency 'A/4 
shunt short-circuit stub 
M 2ft 2fz IM3/Ct IM3/Cz PAE 
AMPLIFIER DESIGN [dBm] [dBm] [dBm] [dBc] [dBc] [%] 
Amplifier with ideal bandpass 
filter at both the lower 
frequencies and at the 2nd 
harmonic frequency in cascade 
-40.10 -58.23 -58.11 -34.43 -34.08 27.64 
with the fundamental 
frequency A/4 shunt short-
circuit stub 
Measurements taken at an amplifier output power level of 24.5d.Bm 
Af = Difference Frequency; 
2f1 = 2nd Harmonic of Fundamental Lower Tone; 
2f2 = 2nd Harmonic of Fundamental Upper Tone; 
IM3/C1 = Lower IM3/C; 
IM3/C2 = Upper IM3/C 
Table 3.4 summarises the simulated two-tone performance of the amplifier 
with an ideal bandpass filter at both the lower frequencies and at the 2nd hrumonic 
frequency in series to the fundamental frequency 'A/4 shunt short-circuit stub. 
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3.3.3 SIMULATION OF AN IDEAL BANDPASS FILTER AT THE LOWER 
FREQUENCY IN CASCADE WITH A FUNDAMENTAL fREQUENCY ')J4 
SHUNT SHORT-CIRCUIT STUB AT THE OUTPUT ON TWO-TONE IM3/C 
ANDPAE 
The two-tone simulation results in the last section provided strong 
indications that improvements in the two-tone IM3/C and P AE performance of an 
amplifier could be caused by the provision of a shunt low impedance at the lower 
frequencies. Therefore, in this section, the ideal bandpass filter at the 2nd harmonic 
frequency in cascade with the fundamental frequency /J4 shunt short-circuit stub was 
removed, leaving only an ideal bandpass filter at the lower frequency in cascade with 
the fundamental frequency /J4 shunt short-circuit stub as shown in Figure 3.9. 
Packaged 
GaAsFET 
Output (Load) 
Matching Network 
(Ideal Components 
Equation-defined ideal bandpass 
filter at lowerfrequencies 
frequencyA/4 shunt 
short-circuit stub 
50Q 
LOAD 
Figure 3.9 Schematic of amplifier with an ideal bandpass filter at the lower frequency 
in cascade with a fundamental frequency A./4 shunt short-circuit stub 
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The simulated two-tone spectra, IM3/C and P AE performance of this 
amplifier are displayed in Figure 3.10. 
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Figure 3.10 Two-tone performances of amplifier with an ideal lower frequency 
bandpass filter in cascade with a fundamental frequency 'A/4 shunt short-circuit stub 
Figures 3.10a and 3.10c show the output spectrum at the lower frequency 
and at the 2nd harmonic frequency of the amplifier configuration with an ideal lower 
frequency bandpass filter in cascade with a fundamental frequency 'A/4 shunt short-
circuit stub respectively. The simulated two-tone spectrum at the 2nd harmonic 
frequency shown in Figure 3.10c is similar to the simulated two-tone 2nd harmonic 
spectrum of the reference amplifier displayed in Figure 3 .3c. The simulated two-tone 
spectrum at the lower frequency shown in Figure 3.1 Oa is similar to the simulated 
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two-tone lower frequency spectrum displayed in Figures 3.3g and 3.8a. These two-
tone simulated results clearly show that a shunt low impedance was provided at the 
lower frequencies. The simulated two-tone IM3/C and P AE performance displayed in 
Figure 3.1 Od showed a larger improvement in IM3/C performance (27 .4dB from -
21.3dBc to -48.7dBc) and useful improvement in PAE performance (11.6% from 
20.3% to 31.9%) at an output power level of 26.2dBm compared to the simulated two-
tone IM3/C and P AE performance of the reference amplifier. 
Table 3.5 Summary of performance for amplifier with an ideal lower frequency 
bandpass filter in cascade with a fundamental frequency ')..J4 shunt short-circuit stub 
M 2fl 2f2 IM3/Cl IM3/C2 PAE 
AMPLIFIER DESIGN [dBm] [dBm] [dBm] [dBc] [dBc] [%] 
Amplifier with ideal bandpass 
filter at the difference 
frequency in series to -37.62 -4.01 -3.83 -48.70 -49.25 31.89 
fundamental frequency /J4 
shunt short-circuit stub 
Measurements taken at an amplifier output power level of 26.2dBm 
Af = Difference Frequency; 
2f1 = znd Harmonic of Fundamental Lower Tone; 
2f2 = 2"d Harmonic of Fundamental Upper Tone; 
IM3/C1 = Lower IM3/C; 
IM3/C2 = Upper IM3/C 
Table 3.5 shows a summary of the simulated two-tone performance for the 
amplifier configuration with an ideal lower frequency bandpass filter in cascade with 
a fundamental frequency 'A/4 shunt short-circuit stub. These simulated two-tone 
results further suggest strongly that a shunt low impedance would provide a larger 
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improvement in the two-tone IM3/C and P AE petformance of a 20Hz microwave 
MESFET power amplifier. 
3.3.4 SIMULATION OF AN IDEAL BANDPASS FILTER AT BOTH THE 
DIFFERENCE FREQUENCY AND 2N° HARMONIC FREQUENCY IN 
CASCADE WITH A FUNDAMENTAL FREQUENCY ')J4 SHUNT SHORT-
CIRCUIT STUB AT THE OUTPUT ON TWO-TONE IM3/C AND PAE 
In the earlier sections, an ideal equation defined bandpass filter was designed 
to provide a passband at the lower frequencies, allowing the difference frequency and 
its harmonics to be presented with a shunt low impedance. In this section, the ideal 
equation defined bandpass filter has been designed to provide a passband only at the 
difference frequency since the spectrum at the difference frequency may be more 
significant than its harmonics. Figure 3.11 shows the amplifier configuration having 
an ideal bandpass filter at both the difference frequency and at the 2nd harmonic 
frequency in cascade with the fundamental frequency IJ4 shunt short-circuit stub. The 
effect of providing an ideal bandpass filter both at the difference frequency and the 2nd 
harmonic frequency in cascade with the fundamental frequency 'A/4 shunt short-circuit 
stub on two-tone IM3/C and P AE performance was simulated and results shown in 
Figure 3.12. 
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Figure 3.12 Simulated two-tone performance of amplifier with ideal difference 
frequency and 2nd harmonic frequency bandpass filter in cascade with the fundamental 
frequency /J4 shunt short-circuit stub 
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By comparing the lower frequency spectrums displayed in Figures 3.3a and 
3 .12a, the effect of providing a shunt low impedance at the difference frequency only 
is clearly illustrated. The spectral content at the difference frequency has reduced 
significantly (reduction of 53.16dB from 13.01dBm to -40.15dBm). The spectral 
content at the 2nd harmonic frequencies displayed in Figures 3.3i and 3.12c remain 
unchanged, showing clearly that a short-circuit at the 2nd harmonic frequency was still 
provided by the fundamental frequency 'A/4 shunt short-circuit stub. The simulated 
two-tone IM3/C and P AE performances shown in Figure 3 .12d are similar to those in 
Figures 2.15 and 3.8d. 
Table 3.6 Summary of performance for amplifier with both ideal difference frequency 
and 2nd harmonic frequency bandpass filters in series to fundamental frequency 'A/4 
shunt short -circuit stub 
Af 2ft 2fz IM3/Ct IM3/Cz PAE 
AMPLIFffiR DESIGN [dBm] [dBm] [dBm] [dBc] [dBc] [%] 
Amplifier with ideal bandpass 
filter at both the difference 
frequency and at the 2nd 
harmonic frequency in cascade 
-40.15 -58.23 -58.11 -36.27 -35.84 27.62 
with the fundamental 
frequency A/4 shunt shott-
circuit stubs 
Measurements taken at an amplifier output power level of 24.5dBm 
i\f = Difference Frequency; 
2f1 = 2nd Harmonic of Fundamental Lower Tone; 
2f2 = 2nd Harmonic of Fundamental Upper Tone; 
IM3/C1 = Lower IM3/C; 
IM3/C2 = Upper IM3/C 
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Table 3.6 summarises the simulated two-tone performance of the amplifier 
with an ideal bandpass filter at both the difference frequency and at the 2"d harmonic 
frequency in cascade with the fundamental frequency IJ4 shunt short-circuit stubs. 
3.3.5 SIMULATION OF AN IDEAL BANDPASS FILTER AT THE DIFFERENCE 
FREQUENCY IN CASCADE WITH A FUNDAMENTAL FREQUENCY 'JJ4 
SHUNT SHORT-CIRCUIT STUB AT THE OUTPUT ON TWO-TONE IM3/C 
AND PAE 
In this section, an amplifier configuration having an ideal difference frequency 
bandpass filter in cascade with the fundamental frequency 'A/4 shunt short-circuit stub, 
shown in Figure 3 .13, has been simulated. 
Packaged 
GaAs FET 
Output (Load) 
Matching Network 
(Ideal Components 
Equation-defined ideal bandpass 
filter at difference frequency 
frequencyA/4 shunt 
short-circuit stub 
50Q 
LOAD 
Figure 3.13 Schematic of amplifier with an ideal difference frequency bandpass filter 
in series to a fundamental frequency IJ4 shunt short-circuit stub 
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The corresponding two-tone spectra, Il\13/C and P AE performance of this 
amplifier configuration have been simulated and are displayed in Figure 3.14 
respectively. 
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Figure 3.14 Two-tone performances of amplifier with an ideal difference frequency 
bandpass filter in series with fundamental frequency shunt short-circuit stub 
Figures 3.14a and 3.14c are spectral plots containing the simulated two-tone 
specttum of an amplifier with an ideal difference frequency bandpass filter in cascade 
with a fundamental frequency 'A/4 shunt short-circuit stub at the lower frequencies and 
at the 2nd harmonic frequency respectively. By comparing the lower frequency 
specttum of the reference amplifier (refer to Figure 3.3a) and that of an amplifier with 
a fundamental frequency 'A/4 shunt short-circuit stub (refer to Figure 3.3g), Figure 
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3 .14a clearly illustrate the point that a shunt low impedance has been provided at the 
difference frequency only. Figure 3 .14c shows an identical 2nd harmonic spectrum 
compared with the 2nd harmonic spectrum of the reference amplifier displayed in 
Figure 3.3c. These simulated two-tone spectral plots (Figure 3.14a and 3.14c) 
confirmed that only a shunt low impedance at the difference frequency was provided 
at the output of this amplifier configuration shown in Figure 3.13. 
The simulated two-tone IM3/C and P AE performance of this amplifier (refer 
to Figure 3.14d) is identical to that of an amplifier with an ideal low frequency 
bandpass filter in cascade with a fundamental frequency 'A/4 shunt short-circuit stub 
(refer to Figure 3.1 Od) as would be expected. This is because the amplifier with an 
ideal low frequency bandpass filter in cascade with a fundamental frequency 'A/4 
shunt short-circuit stub has also been ,providing a shunt low impedance at the 
difference frequency. Thus, provision of a shunt low impedance at the difference 
frequency improved the simulated two-tone IM3/C performance by 27 .4dB (from -
21.3dBc to -48.7dBc) and PAE performance by 11.6% (from 20.3% to 31.9%) at an 
output power level of 26.2dBm compared to the simulated two-tone performance of 
the reference amplifier. 
88 
CHAPTER 3: OPTIMUM DRAIN LOAD TERMINATIONS 
FOR IMPROVING THE TWO-TONE LINEARITY AND TWO-
TONE EFFICIENCY OF A 20Hz MESFET AMPLIFIER 
Table 3.7 Summary of performance for amplifier with ideal difference frequency 
bandpass filters in series to fundamental frequency 'A/4 shunt short-circuit stub 
Af 2f1 2f2 IM3/C1 IM3/C2 PAE 
AMPLIFIER DESIGN [dBm] [dBm] [dBm] [dBc] [dBc] [%] 
Amplifier with ideal bandpass 
filter at the difference 
frequency in series to 
-37.62 -4.01 -3.83 -48.70 -49.25 31.89 
fundamental frequency IJ4 
shunt short -circuit stub 
Measurements are taken at an amplifier output power level of 26.2dBm 
Af = Difference Frequency; 
2f1 = 2nd Harmonic of Fundamental Lower Tone; 
2f2 = 2nd Harmonic of Fundamental Upper Tone; 
IM3/C1 = Lower IM3/C; 
IM3/C2 = Upper IM3/C 
Table 3. 7 summarises the simulated two-tone performance of the amplifier 
with an ideal bandpass filter at the difference frequency series to the fundamental 
frequency IJ4 shunt short-circuit stub. 
3.3.6 SUMMARY OF SIMULATION RESULTS 
Table 3. 7 provides a summary of the simulated two-tone performance of 
those amplifier configurations discussed so far as listed in Table 3.2. 
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Table 3.8 Summary of simulated two-tone Th13/C and P AE performance 
AMPLIFIER M 2ft 2f2 IM3/Ct IMJ/C2 PAE 
No. CONFIGURATION [dBm] [dBm] [dBm] [dBc] [dBc] [%] 
Ideal bandpass filter at 2nd 
harmonic frequency in 
1 cascade with a 13.01 -59.58 -59.45 -23.09 -22.98 21.50 
fundamental frequency 
1..14 shunt SIC stub 
Ideal bandpass filter at 
both the lower frequencies 
and 2nd harmonic 
2 -40.10 -58.23 
frequency in cascade with 
-58.11 -34.43 -34.08 27.64 
a fundamental frequency 
1..14 shunt SIC stub 
Ideal bandpass filter at 
lower frequencies in 
3 cascade with a -37.62 -4.01 -3.83 -48.70 -49.25 31.89 
fundamental frequency 
1..14 shunt SIC stub 
Ideal bandpass filter at 
both the difference 
frequency and at the 2nd 
4 harmonic frequency in -40.15 -58.23 -58.11 -36.27 -35.84 27.62 
cascade with a 
fundamental frequency 
1..14 shunt SIC stub 
Ideal bandpass filter at the 
difference frequency in 
5 cascade with a -37.62 -4.01 -3.83 -48.70 -49.25 31.89 
fundamental frequency 
1..14 shunt SIC stub 
Measurements taken at amplifier output power levels between 23.3dBm and 26.2dBm 
Af = Difference Frequency; 
2f1 & 2f2 = 2nd Harmonic of Fundamental Lower and Upper Tones; 
IM3/C1 & IM3/C2 = Lower and Upper IM3/C 
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Results listed in Table 3.7 clearly show the effect of providing a variation of 
output load terminations on two-tone IM3/C and P AE performance. Provision of a 
low impedance at the difference frequency at the output of a 20Hz MESFET 
amplifier resulted in significant improvements in both simulated two-tone IM3/C 
performance (27.4dB improvement from -21.3dBc to -48.7dBc) and PAE 
performance (11.6% improvement from 20.3% to 31.9%) at an output power level of 
26.2dBm as compared to the simulated two-tone performance of the reference 
amplifier. 
3.4 CONCLUSIONS AND DISCUSSION 
In this chapter, attempts to resolve the difference in the two-tone IM3/C and 
P AE performance between the amplifier with an ideal 2nd harmonic shunt sholt-circuit 
and the amplifier with a fundamental frequency 'A/4 shunt short-circuit stub described 
in Chapter 2 have been made. Simulation results showed that the fundamental 
frequency 'A/4 shunt short-circuit stub also provided a low impedance at the lower 
frequencies. Further simulations later revealed that the provision of a shunt low 
impedance· at the difference frequency and at the 2nd harmonic frequency at the output 
of an amplifier will result in two-tone IM3/C and PAE performances identical to an 
amplifier with a fundamental frequency 'A/4 shunt sholt-circuit stub. 
It is therefore concluded that it is the properties of the fundamental 
frequency 'A/4 shunt short-circuit stub at the difference frequency and not at the 2nd 
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harmonic frequency which gave rise to the improvements in simulated two-tone 
IM3/C and P AE performance. 
An amplifier with an output configuration that provided a low impedance at 
the difference frequency showed significant improvements in the simulated two-tone 
IM3/C (27.4dB improvement from -21.3dBc to -48.7dBc) and PAE (11.6% 
improvement from 20.3% to 31.9%) performance at an output power level of 
26.2dBm. An amplifier with an output configuration providing a low impedance at 
both the difference frequency and at the 2nd harmonic frequency produced some 
improvements in two-tone IM3/C (16dB improvement from -20dBc -36dBc) and 
PAE (3.1% improvement from 24.5% to 27.6%) performance at an output power level 
of 24.5dBm. An amplifier with an output configuration providing a shunt low 
impedance at the 2nd harmonic frequency produced slight improvements in two-tone 
IM3/C (2dB improvement from -21dBc to -23dBc) and PAE performance (1.2% 
improvement from 20.3% to 21.5%) at an output power level of 23.3dBm. 
Such an amplifier producing significant improvements in both two-tone 
IM3/C and PAE performance is therefore worth implementing practically. 
Unfortunately, it is impractical to implement an ideal bandpass filter at the difference 
frequency in cascade with a fundamental frequency ').J4 shunt short-circuit stub. The 
following chapter will be discussing methods whereby an amplifier with a shunt low 
impedance at the difference frequency can be achieved in practice. 
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4 A NOVEL CIRCUIT TECHNIQUE FOR IMPROVING 
THE TWO-TONE LINEARITY AND EFFICIENCY OF A 
2GHz MESFET POWER AMPLIFIER 
4.1 INTRODUCTION 
The benefits of providing a shunt low impedance across the drain terminal of 
a 2GHz MESFET amplifier especially at the difference frequency, on two-tone IM3/C 
and P AE performance have been investigated by simulation in the previous chapter. 
Simulation results showed that best improvements in two-tone IM3/C and P AE 
performance were obtained for the amplifier configuration when a shunt low 
impedance was provided either at the difference frequency only or at both the lower 
frequencies including the difference frequency. 
These simulation results clearly illustrate that provision of a shunt low 
impedance at the difference frequency at the output of a 2GHz amplifier provided 
suitable conditions for improving both the simulated two-tone IM3/C and P AE 
performance significantly. This chapter, describes the design of a suitable circuit for 
providing a shunt low impedance at the difference frequency and the simulated 
performance of this amplifier. 
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4.2 DESIGN OF A LOW FREQUENCY IMPEDANCE CIRCUIT AT THE 
OUTPUT DRAIN TERMINAL OF A 2GHz MESFET AMPLIFIER 
The simulated two-tone IM3/C and P AE performance results discussed in 
the last chapter clearly illustrates the benefits of providing a fundamental frequency 
'A14 shunt short-circuit stub at the output of an amplifier. Further investigations also 
suggested that further improvements in simulated two-tone IM3/C and P AE 
performances could be obtained under the conditions that the fundamental frequency 
'AJ4 shunt short-circuit stub was providing a low impedance at the lower frequencies 
only. Therefore, a novel technique has been devised to provide these favourable 
conditions by the use of an approximate fundamental frequency A./4 shunt short-circuit 
stub at the output of a 20Hz 1 W microwave power amplifier operating under Class 
AB/B conditions. 
4.2.1 PROVISION OF AN IDEAL APPROXIMATE FUNDAMENTAL FREQUENCY 
')J4 SHUNT SHORT-CIRCUIT STUB 
The frequency response of an ideal fundamental frequency 'AJ 4 shunt sholt-
circuit stub has been simulated as shown in Figure 3.2 and discussed in Chapter 3. 
Figure 3.2 shows impedance nulls at low frequencies (an infinite impedance was 
presented at DC because of the use of an ideal DC blocking capacitor in cascade with 
the ideal fundamental frequency 'AJ4 shunt short-circuit stub), and at the even 
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harmonics of the fundamental frequency (i.e. 2nd harmonic frequency at 40Hz, 4th 
harmonic frequency at 80Hz). These impedance nulls indicated that a shunt short-
circuit was presented at these frequencies. The frequencies at which these impedance 
nulls occur could also be varied by altering the phase length of the fundamental 
frequency /J4 shunt short-circuit stub as shown in Figure 4.1. 
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Figure 4.1 Simulated frequency responses of varying the phase length of a 
fundamental frequency /J4 shunt short-circuit stub 
Figure 4.1 shows the different simulated frequency responses of an ideal 
lossless fundamental frequency ').J4 shunt short-circuit stub at different phase lengths. 
Most importantly, Figure 4.1 also showed that low impedances are still being 
provided at the lower frequencies, which was the required condition that achieve 
useful improvements in simulated two-tone IM3/C and P AE performance of an 
amplifier. Altering the phase length of an exact fundamental frequency /J4 shunt 
95 
-----------------------------___;,...--------------'-'---··-·- . . 
, 
CHAPTER 4: A NOVEL CIRCUIT TECHNIQUE FOR 
IMPROVING THE TWO"TONE LINEARITY AND 
EFRCffiNCYOFA2GHzMESFETPOWERAMPURER 
short-circuit stub also affects the required impedance of (14.3 + j7 .9)Q at the 
fundamental frequency as shown in Figure 4.2. 
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Figure 4.2 Simulation of the effects on impedance at the fundamental frequency by 
varying the phase length of a fundamental frequency 'A/4 shunt short-circuit stub 
Figure 4.2 clearly show that variations in the phase length of a fundamental 
frequency 'A/4 shunt short-circuit stub would also result in deviations of the required 
impedance at the fundamental frequency. Therefore, in order to provide a shunt low 
impedance at the lower frequencies whilst still preserving the required fundamental 
frequency impedance at the output, slight alterations to the output matching network 
have to be made in order to compensate for these phase length alterations of the 
fundamental frequency /J4 shunt short-circuit stub. Alterations to the fundamental 
frequency /J4 shunt short-circuit stub either by increasing or decreasing the phase 
length were the two available options to provide a new 2nd harmonic short-circuit 
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resonance at a frequency other than 40Hz (2nd harmonic resonant frequency of 
unaltered fundamental frequency 'A/4 shunt short-circuit stub). It was decided that a 
reduction in the phase length would be applied to the fundamental frequency IJ4 
shunt short-circuit stub. 
An approximate fundamental frequency IJ4 shunt short-circuit stub with a 
phase length of 86° was selected because it provided a short-circuit resonance at a 
new 2nd harmonic frequency close to 4.20Hz, a frequency just sufficiently high 
enough to avoid short-circuiting the 2nd harmonic components of a two-tone carrier 
input having a frequency separation of lMHz and centred at 20Hz. Phase lengths less 
than 86° could also be applied, but the deviation of the required impedance at the 
fundamental frequency would become larger and may require major alterations to the 
output matching circuit. 
4.2.2 PROVISION OF A REAL CAPACITOR IN SERIES WITH A LOSSY 
FUNDAMENTAL FREQUENCY ')J4 SHUNT SHORT-CIRCUIT STUB AT 
THE OUTPUT 
A novel circuit design technique to provide a shunt low impedance at the 
lower frequencies has been described in the previous section. However, ideal 
components (ideal DC block capacitor, ideal fundamental frequency IJ4 shunt short-
circuit stub) were used for simulations. However, such ideal components with loss-
free properties are not conveniently available in practice, it was therefore more 
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appropriate to simulate the application of this novel circuit design technique using real 
components with losses as shown in Figure 4.3. 
Component 
Replacement 
Ideal DC Block ｾ＠
Capacitor v------v 
Ideal Fundamental Lossy Fundamental 
Frequency Al4 Frequency A.l4 
Shunt Short-Circuit Shunt Short-Circuit 
ｓｾ｢＠ ｓｾ｢＠
Figure 4.3 Replacement of ideal components with real lossy components 
The ideal fundamental frequency ')J4 shunt shott-circuit stub shown in 
Figure 4.3 was replaced with a lossy stub containing substrate information of the 
Roger's RT5880 Duroid. The RT5880 Duroid substrate has been selected because the 
substrate is suitable for applications at 20Hz and it also provides a very low electrical 
loss with a tano of 0.0009. 
The ideal DC block capacitor in series with the fundamental frequency 'A/4 
shunt short-circuit stub shown in Figure 4.3 was replaced with a real capacitor. Unlike 
an ideal capacitor, real capacitors usually includes some series inductance, L 
(inductive parasitics), and series resistance, R (resistive losses), as well as it's own 
capacitance, CReah as shown in Figure 4.4. 
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Port 1 Port 2 
Port 1 Port 2 
Schematic and Model Representation 
of Lossy Capacitor 
R 
Figure 4.4 Schematic and model representations of ideal and real capacitors 
The representations of the ideal and real capacitors shown in Figure 4.4 are 
exactly in the same orientation those shown in Figure 4.3, except that the fundamental 
frequency 'A/4 shunt short-circuit stub has been replaced by a shott-circuit termination 
to ground. The equivalent circuit representation of a real capacitor illustrated in Figure 
4.4 clearly shows the presence of a resonant frequency caused by the series 
combination of the inductance and the capacitance. The effect of this series LC 
resonance, as shown in Figure 4.4, was then investigated by simulating the S21 
frequency response of a real capacitor positioned in the same orientation as illustrated 
in Figure 4.4. Figure 4.5 shows the simulated S21 frequency responses of some real 
capacitors with different capacitances taken from the AVX AQ14 series range. 
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Figure 4.5 Simulated frequency responses of some real capacitors 
Figure 4.5 show that the resonant frequency of a real capacitor follows an 
inverse relationship with the size of the capacitance, i.e. resonant frequency increases 
as the value of the capacitor decreases. The resonant frequency of a capacitor can be 
determined by the following equation shown below. 
1 
Resonant Frequency, fo = ｾ＠
2nx LCReal 
(4.1) 
where L represents the series inductance of the capacitor and CReal represents its 
capacitance. 
Since capacitors with the same package constluction and manufacturer have i 
been used during the simulation, it could be approximated that the series inductances 
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of these capacitors are of equal value, leaving only the inverse relationship between 
the resonant frequency of the capacitor and its capacitance. 
A real capacitor would have to be connected in series with a lossy 
fundamental frequency ').J4 shunt short-circuit stub eventually. Therefore, the value of 
it capacitance has to be carefully selected such that the series combination of the real 
capacitor and the lossy fundamental frequency ')J4 shunt short-circuit stub provides an 
effective series resonance at low frequencies, especially at the difference frequency. 
The frequency responses of these real capacitors connected in series with a lossy exact 
fundamental frequency 'A/4 shunt short-circuit stub has been simulated and shown in 
Figure 4.6. 
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Figure 4.6 Simulated frequency responses of some real capacitors connected in series 
with a lossy fundamental frequency ').J4 shunt short-circuit stub 
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The connection of real capacitors to the lossy fundamental frequency /J4 
shunt short-circuit stub has lowered the resonant frequency as shown in Figure 4.6, as 
compared with the resonant frequency of the capacitors shown in Figure 4.5. As 
expressed clearly in Equation 4.1, there also exist an inverse relationship between 
resonant frequency and inductance. Thus, the reduction in resonant frequency as 
observed in Figure 4.6 was caused by the increase of series inductance introduced by 
the addition of the lossy fundamental frequency IJ4 shunt short-circuit stub. 
Investigations and simulations discussed in previous chapters have made the 
fact clear that it was necessary to provide a low impedance at the lower frequencies 
across the drain of an amplifier in order to produce effective improvements in 
simulated two-tone Il\13/C and P AE performance. Figure 4.6 clearly illustrate that the 
series combination of the largest value of the real capacitor (in this case, 4. 7nF) with 
the lossy fundamental frequency IJ4 shunt short-circuit stub provided a resonance at 
the lowest frequency, close to the difference frequency of lMHz. Figure 4.6 also point 
out that other values of real capacitors also provided a low frequency resonance when 
connected to a lossy fundamental frequency 'A/4 shunt short-circuit stub. 
Unfortunately, as the frequency becomes lower, these combinations no longer provide 
a useful resonance. This selected value of the real capacitor was therefore used in a 
series connection with a lossy approximate fundamental frequency 'A/4 shunt short-
circuit stub also having a phase length of 86°. 
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4.3 SIMULATION OF TWO-TONE IM3/C AND PAE PERFORMANCE OF 
AMPLIFIER CONFIGURATIONS USING REAL COMPONENTS 
The primary objective of this investigation was to compare the simulated two-
tone IM3/C and P AE performances between amplifier configurations using ideal 
components (ideal capacitor and micros trips) and amplifier configurations using real 
components (real capacitors and lossy micros trips). Even though the ideal components 
used in the previous amplifier configurations were replaced with real components, the 
required impedances for the input and output matching networks at the fundamental 
frequency remained unchanged so as to ensure a consistent fair comparison of 
simulated results. 
Following the discussions made on the last section, the two-tone IM3/C and 
P AE performance of three different amplifier configurations using real components 
for the input and output matching have been investigated by simulation. Table 4.1 
show a list of these three amplifier configurations using real components that have 
been simulated. 
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Table 4.1 List of amplifier configurations using real components 
No. AMPLIFIER DESIGN 
1 Reference amplifier 
LOAD TERMINATION TYPE 
Lossy rnicrostrips used for the output 
matching network. No performance 
enhancement techniques used at the 
output 
2 Amplifier with lossy fundamental Lossy rnicrostrips used for the output 
frequency IJ4 shunt short-circuit matching network. 
stub Provision of a real capacitor connected 
in series with an exact lossy 
fundamental frequency ')J4 shunt short-
circuit stub at the output 
3 Amplifier with lossy approximate Lossy rnicrostrips used for the output 
fundamental frequency ').J4 shunt matching network. 
short-circuit stub Provision of a real capacitor connected 
in seties with a lossy approximate 
fundamental frequency IJ4 shunt short-
circuit stub at the output 
The novel circuit design technique for a low impedance, low frequency 
shunt short -circuit using real components was included in different two amplifier 
configurations (refer to amplifier configurations no.2 and 3 listed in Table 4.1). 
Further details about these amplifier configurations are provided in the following 
sections. 
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4.3.1 SIMULATION OF TWO-TONE IM3/C AND PAE PERFORMANCE OF 
THE REFERENCE AMPLIFIER WITH REAL COMPONENTS 
In this section, a reference amplifier using real components (in this case, lossy 
microstrips were used for the input and output matching networks) has been simulated 
using the circuit schematic is shown in Figure 4. 7. The configurations and impedances 
of the input and output matching circuits of the reference amplifier using real 
components as shown in Figure 4.7 are identical to those of the reference amplifier 
using ideal components shown in Figure 4.2. 
INPUT (SOURCE) 
MATCHING 
NETWORK 
(Lossy Mlcrostrlp) 
Packaged 
GaAs FET 
OUTPUT (LOAD) 
MATCHING 
NETWORK 
(Lossy Mlcrostrlp) 
son 
LOAD 
Figure 4.7 Circuit schematic of reference amplifier showing the use of components at 
the input and output matching networks 
The two-tone IM3/C and P AE performance of this amplifier configuration 
have been simulated and these results are provided in Figure 4.8. 
105 
30 
2 
1 
0 
0 
0 
E' -1 
ｾ＠ -2 
..... -3 Q) 
ｾ＠ -4 
a. -5 
-6 
-7 
-8 
1'\ 
ｾ＠
n 
1'\ 
n 
1'\ 
ｾ＠
ｾ＠
-
0.0 
A·l 
1.0 
AI fA 
lJ.,. 
Ji;). 
' 2.0 3.0 4.0 5.0 Frequency [MHz] 
CHAPTER 4: A NOVEL CIRCUIT TECHNIQUE FOR 
IMPROVING THE TWO-TONE LINEARITY AND 
EFFICIENCY OF A 2GHzMESFET POWER AMPliFIER 
30 
ＲＰｾＭｾＭＴＭｾｾｾａＭＭＫＭｾＭｾＭＫＭＫｾｾ＠
ｾｾ＠ ｴ ｾ＠
ｅＱＰｾＭｾＭＫｾｾｾｎＭＭＫＭｾＭｾＭＫＭＫｾｾ＠
ｾ＠ ＰｾＭｾＭＫＭＭｫｾｲＭｈＭＭＫＭＭｕ ［ ｉＭＭｲＭＱＭＭＫＭＬ｟ｾ＠
ｾ＠ 0- ｊＯｾ＠ ｾ Ｍ Ｚ ａ＠
&. -1 A Ｑ ｾ＠ Ｍｬｾ ｾＧ＠
-20-- ·-+-61--r-11---1---U---1---fl--
·3" 
u-+-1 .
41
99_7_,5 r--1-.9Y-9-85+-1 .... 99_9_,5 r--2-.0t1-0-05-I-2._.,00._1_5 t--2-.0q-.10--'25 
Frequency [GHz] 
Figure 6.8a Output Spectrum at Lower Frequencies Figure 6.8b Output Spectrum at Fundamental Frequency 
10 
1'\ 
-
1'\ 
- ll{A 
,(\ 
l.(l 
'" ﾷＭａＱｾ＠
A). 
€ＮＺ ｾ ＺＱ＠
ＰＮ Ｍ ｾ＠
ｾ＠ Ｍｾ＠
0 ｾｾｾＭＭｾｾｾＭＭｾｾｾＭＭｾｾ＠ 35 
30 
25 ｾ＠
20 !3 
(I) 
15 ｾ＠
10 m 
ｾ＠5 ｾ＠r n 4 0 
3.9970 3.9980 3.9990 4.0000 4.0010 4.0020 4.0030 10.012.014.0 16.0 18.020.0 22.024.0 26.0 28.0 30.0 
Frequency [GHz] 2-Tone Pout [dBm] 
Figure &.Be Output Spectrum at 2nd Harmonic Frequency Figure 6.8d Plot of 2-Tone IM3/C & PAE vs 2-Tone Pout 
Figure 4.8 Simulated two-tone performance of reference amplifier with real 
components 
The simulated two-tone spectra of the reference amplifier using real 
components shown in Figures 4.8(a-c) are similar to the simulated two-tone 
performance of the reference amplifier using ideal components shown in Figures 
3.3(a-c). The spectrum shown in Figures 4.8a and 4.8c also clearly indicate the 
absence of shunt low impedance terminations at the lower frequencies and at the 2nd 
harmonic frequency. Figure 4.8d shows the simulated two-tone llvi3/C and PAE 
performance of the reference amplifier using real components. A summary comparing 
the simulated two-tone llvi3/C and P AE performance of this reference amplifier using 
real components with that of the reference amplifier using ideal components is 
provided in Table 4.2 below. 
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Table 4.2 Comparison of simulated two-tone performance between reference 
amplifiers using ideal and real components 
Af 2ft 2f2 IM3/Ct IM3/C2 PAE 
AMPLIFIER DESIGN [dBm] [dBm] [dBm] [dBc] [dBc] [%] 
Reference amplifier using 
13.83 -6.40 -6.22 -21.40 -21.29 20.31 
ideal components 
Reference amplifier using real 
13.68 -6.53 -6.27 -21.68 -21.84 20.10 
components 
Note: Measurements taken at an amplifier output power of 23.6dBm 
Llf = Difference Frequency; 
2f1 = 2nd Harmonic of Fundamental Lower Tone; 
2f2 = 2nd Harmonic of Fundamental Upper Tone; 
IM3/C1 = Lower IM3/C; 
IM3/C2 = Upper IM3/C 
The simulated two-tone IM3/C and P AE performance for the reference 
amplifier configuration using real components are consistent and in agreement with 
the simulated results obtained for the reference amplifier configuration using ideal 
components as would have been expected. 
4.3.2 SIMULATION OF TWO-TONE IM3/C AND PAE PERFORMANCE WITH 
A REAL CAPACITOR IN SERIES WITH AN EXACT LOSSY 
FUNDAMENTAL FREQUENCY AJ4 SHUNT SHORT-CIRCUIT STUB AT 
THE OUTPUT 
A real capacitor connected in series with a lossy exact fundamental 
frequency ')J4 shunt short circuit stub was provided across the drain terminal of the 
reference amplifier configuration (refer to Figure 4.7) as shown in Figure 4.9 below. 
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(Lossy Microstrip) 
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Frequency A/4 
Shunt Short-Circuit 
Stub -= 
son 
LOAD 
Figure 4.9 Circuit Schematic of amplifier showing position of real capacitor and lossy 
micros trips 
The simulated two-tone IM3/C and P AE performances for this amplifier 
configuration illustrated in Figure 4.9 above are displayed in Figure 4.10 respectively. 
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Figure 4.10 Simulated Two-tone performance of amplifier with a real capacitor in 
series with a lossy fundamental frequency 'A/4 shunt shott-circuit stub at the drain 
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Figure 4.10(a-c) shows the vadous simulated two-tone output spectra of the 
amplifier configuration with a real capacitor connected in se1ies with a lossy exact 
fundamental frequency 'A/4 shunt short-circuit stub at the output. The output spectra at 
the lower and at the 2nd harmonic frequency shown in Figures 4.10a and 4.10c are 
identical to those of an amplifier with an ideal capacitor connected in series with an 
ideal exact fundamental frequency 'A/4 shunt short-circuit stub. 
Since a shunt low impedance was provided at the lower frequencies and at 
the 2nd harmonic frequency in this amplifier configuration, therefore improvements in 
the simulated two-tone IM3/C and P AE performances (similar to those of the 
amplifier configuration with an ideal fundamental frequency /4 shunt short-circuit 
stub as shown in Figure 2.15) were expected compared to those of the reference 
amplifier using real components (refer to Figure 4.10d). Table 4.3 provides a 
compadson of the simulated two-tone IM3/C and PAE performance between this 
amplifier configuration (refer to Figure 4.9) with that of the same configuration but 
using ideal components (refer to Figure 2.14). 
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Table 4.3 Comparison of simulated two-tone performance between amplifier 
configuration with capacitors connected in series with exact fundamental frequency 
Al4 shunt short-circuit stub using ideal and real components 
M 2ft 2fz IM3/Ct IM3/Cz PAE 
AMPLIFIER DESIGN [dBm] [dBm] [dBm] [dBc] [dBc] [%] 
Amplifier with ideal capacitor 
in series with ideal exact 
fundamental frequency 'A/4 -40.10 -58.23 -58.11 -34.43 -34.08 27.64 
shunt short-circuit stub at the 
output 
Amplifier with real capacitor 
in series with lossy exact 
fundamental frequency 'A/4 -40.38 -58.77 -58.61 -35.18 -34.87 26.78 
shunt short-circuit stub at the 
output 
Note: Measurements taken at an amplifier output power level of 24.8dBm 
df = Difference Frequency; 
2f1 = 2nd Harmonic of Fundamental Lower Tone; 
2f2 = 2nd Harmonic of Fundamental Upper Tone; 
IM3/C1 =Lower IM3/C; 
IM3/C2 = Upper IM3/C 
As would be expected, the simulated two-tone performances between these 
two amplifier configurations as provided in Table 4.3 are in agreement with each 
other. 
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4.3.3 SIMULATION OF TWO-TONE IM3/C AND PAE PERFORMANCE WITH 
A REAL CAPACITOR IN SERIES WITH A LOSSY APPROXIMATE 
FUNDAMENTAL FREQUENCY ')J4 SHUNT SHORT-CIRCUIT STUB AT 
THE DRAIN 
Figure 4.11 show the circuit schematic of an amplifier configuration with a 
real capacitor connected in series with a lossy approximate fundamental frequency IJ4 
shunt short -circuit stub. 
INPUT (SOURCE) 
MATCHING 
NETWORK 
(Lossy Microstrip) 
Packaged 
GaAs FET 
I 
I i ReaiDc_ .......... 
1 Block i Capacitor 
I 
OUTPUT (LOAD) 
MATCHING 
NETWORK 
(Lossy Microstrip) 
Approximate Lossy 
Fundamental 
Frequency 'N4 
Shunt Short-Circuit 
Stub 
50.Q 
LOAD 
Figure 4.11 Circuit schematic of amplifier configuration showing position of real 
capacitor connected in series with a lossy approximate fundamental frequency 'A/4 
shunt short-circuit stub at the output 
The corresponding two-tone IM3/C and P AE performances for this amplifier 
configuration shown in Figure 4.11 have been simulated and the results are displayed 
in Figure 4.12. 
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Figure 4.12 Simulated two-tone performances of an amplifier with an approximate 
fundamental frequency IJ4 shunt shott-circuit stub using ideal lossy microstrip 
Figures 4.12(a-c) show the simulated output two-tone spectra of the 
amplifier configuration with a real capacitor in series with a lossy approximate 
fundamental frequency /J4 shunt shott-circuit stub. The simulated output spectrum 
shown in Figure 4.12a suggest that a shunt low impedance was provided at the lower 
frequencies across the drain terminal of the amplifier, while the simulated output 
spectrum shown in Figure 4.12c suggest that no shunt low impedance was provided at 
the 2nd harmonic frequency. These conditions would ideally result in larger 
improvements in the simulated two-tone IM:3/C and P AE performance as shown 
previously (refer to Chapter 3, section 3.3.5 and Chapter 4, section 4.2.2). Figure 
4.12d clearly show a significant improvement in the simulated two-tone IM3/C 
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(approximately 32dB improvement from -19dBc to -51dBc) and PAE performances 
(4.2% improvement from 25.3% to 29.5%) at an output power level of 25dBm. A 
comparison between the simulated two-tone performances between the amplifier 
configurations with a capacitor in series with an approximate fundamental frequency 
/V4 shunt sho11-circuit stub using ideal and real components is provided in Table 4.4 
below. 
Table 4.4 Comparison of simulated two-tone performance between amplifier 
configuration with capacitors connected in series with approximate fundamental 
frequency /V4 shunt short-circuit stub using ideal and real components 
Af 2ft 2f2 IM3/Ct IM3/C2 PAE 
AMPLIFIER DESIGN [dBm] [dBm] [dBm] [dBc] [dBc] [%] 
Amplifier with ideal capacitor 
in series with ideal 
approximate fundamental 
-37.62 -4.01 -3.83 -48.70 -49.25 31.89 
frequency 'A/4 shunt short-
circuit stub at the output 
Amplifier with real capacitor 
in series with lossy 
approximate fundamental 
-37.97 -4.28 -4.11 -51.22 -51.80 29.5 
frequency 'A/4 shunt short-
circuit stub at the output 
Note: Measurements taken at an amplifier output power level of 25dBm 
L\f = Difference Frequency; 
2f1 = 2"d Harmonic of Fundamental Lower Tone; 
2f2 = 2nd Harmonic of Fundamental Upper Tone; 
IM3/C1 =Lower IM3/C; 
IM3/C2 = Upper IM3/C 
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4.4 SUMMARY OF RESULTS AND CONCLUSION 
Previous investigations showed that the provision of a shunt low impedance 
at the lower frequencies at the output of a 20Hz MESFET amplifier resulted in 
significant improvements in the simulated two-tone Il\13/C and P AE performance. 
This chapter discusses a convenient and practical method of providing a shunt low 
impedance at the lower frequencies. 
A novel circuit design technique that provided a shunt low impedance at the 
lower frequencies was first devised by adjusting the phase length of an ideal capacitor 
connected in series with an ideal exact fundamental frequency 'A/4 shunt short-circuit 
stub. The main intention of this phase length adjustment was shift the original 2nd 
harmonic frequency resonance (originally at 40Hz) to a new 2nd harmonic resonant 
frequency (close to 4.20Hz in this case) whilst providing a shunt low impedance at 
the lower frequencies. 
The feasibility of applying this technique in practice was confirmed by 
simulating the frequency responses of a real capacitor connected in series with a lossy 
fundamental frequency 'A/4 shunt short-circuit stub. Real capacitors often comes with 
a self-resonance which is caused by the series inductive parasitics within the capacitor 
package. Further investigations and simulations show that the value of the real 
capacitor has to be sufficiently large such that the effective combined resonance with 
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the lossy fundamental frequency /J4 shunt short-circuit stub provides a low 
impedance at the lower frequencies. 
The two-tone IM3/C and P AE performances of three amplifier 
configurations using real components were simulated and a summary of their 
performances is provided in Table 4.5. 
Table 4.5 Summary of simulated two-tone performance for various amplifier 
configurations using real components 
Af 2fl 2f2 IM3/Cl IM3/C2 PAE 
No. AMPLIFIER DESIGN [dBm] [dBm] [dBm] [dBc] [dBc] [%] 
1 Reference amplifier 
13.68 -6.53 -6.27 -21.68 -21.84 20.10 
using real components 
2 Amplifier with real 
capacitor in series with 
lossy exact 
-40.38 -58.77 -58.61 -35.18 -34.87 26.78 
fundamental frequency 
IJ4 shunt short-circuit 
stub at the output 
3 Amplifier with real 
capacitor in series with 
lossy approximate 
-37.97 -4.28 -4.11 -51.22 -51.80 29.5 
fundamental frequency 
'AJ4 shunt short -circuit 
stub at the output 
Note: Measurements taken at an amplifier output power level between 23.6dBm- 25dBm 
df = Difference Frequency; 
2f1 = 2nd Harmonic of Fundamental Lower Tone; 
2f2 = 2nd Harmonic of Fundamental Upper Tone; 
IM3/C1 = Lower IM3/C; 
IM3/C2 = Upper IM3/C 
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Based on the summary of simulated two-tone IM3/C and P AE performance 
results provided in Table 4.5, it has become increasingly evident that application of 
this simple circuit design technique would result in improvements in two-tone IM3/C 
and P AE performance of a 2GHz MESFET amplifier. 
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5 DESIGN AND EVALUATION OF A PRACTICAL 
LINEAR AND EFFICIENT 2GHz MESFET POWER 
AMPLIFIER 
5.1 INTRODUCTION 
Discussions made so far have been concerned with simulated two-tone 
IM3/C and P AE improvements obtained when a shunt low impedance was provided 
across the output terminal of a 20Hz MESFET amplifier. In this chapter, the benefits 
of providing this shunt low impedance across the drain terminal of a practical 20Hz 
MESFET amplifier have been investigated. The following sections will discuss the 
design, construction and evaluation of this practical amplifier. 
5.2 DESIGN AND CONSTRUCTION OF PRACTICAL AMPLIFIER 
The main objective of this practical evaluation is to compare the 
performance of an amplifier without any performance enhancement techniques, here 
known as the reference amplifier, with that of an amplifier with an approximate 
fundamental frequency ').J4 shunt short-circuit stub provided at the output. Since the 
input source impedances are identical for these two amplifier configurations, only one 
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input matching networking has been constructed and used with both of them. 
Although the output load matching networks at the fundamental frequency for these 
two amplifier configurations ru.·e identical, the structure of these output matching 
networks are different (one having an approximate fundamental frequency 'A/4 shunt 
short-circuit stub, the other doesn't have this). One input and two different output 
matching networks (with and without the approximate fundamental frequency 'A/4 
shunt short-circuit stub) have been designed and fablicated on a Rogers RT5880 
Duroid substrate. It is of vital importance that these two different set of output 
matching networks have the same impedances at the fundamental frequency to ensure 
consistency during practical measurements. Thus, the impedances of the input and 
output matching networks at the fundamental frequency have been checked and 
confrrmed on the network analyzer. Since no two identical MESFET devices have 
identical characteristics, it has also been decided that only a single Mitsubishi 
MGF2430A 1 W MESFET device would be used for these amplifier configurations to 
maintain consistency when comparing results. 
5.2.1 CONSTRUCTION OF TEST FIXTURE 
A test fixture consisting of three separable pru.ts have been designed and 
constructed for the purpose of mounting the single MESFET device, the input and 
output matching network circuits of an amplifier configuration. Figure 5.1 shows a 
photograph of an amplifier configuration mounted on this test fixture, illustrating the 
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positions of the input and output matching networks as well as the Mitsubishi 
MGF2430A 1 W MESFET device. 
Figure 5.1 Photograph of unassembled test fixture showing its three separable parts 
and positions of the input and output matching networks and MESFET device of an 
amplifier 
Figure 5.1 shows the photograph of the unassembled three part test fixture. 
The input and output matching networks were screwed onto the aluminium input and 
output pieces of the test fixture seperately. The MESFET device was also screwed 
onto the central part of the test fixture which was made of copper. These three 
separable parts of the test fixture were then assembled together with nuts and long 
screw threads. The input and output matching networks would be eventually 
connected to the gate and drain terminals of the MESFET device, thus completing the 
assembly of an amplifier configuration. Figure 5.2 shows the same test fixture but 
fully assembled and completed with an amplifier configuration. 
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Figure 5.2 Photograph showing a practical 20Hz amplifier configuration, with input 
and output matching networks and MESFET device, connected and mounted 
completely onto the assembled test fixture. 
Figure 5.2 also shows the photograph of the fully assembled reference 
amplifier where the approximate fundamental frequency IJ4 shunt short-circuit stub 
has been excluded from the output matching network. The only difference between 
the practical reference amplifier and that of an practical amplifier configuration with 
an approximate fundamental frequency IJ4 shunt short-circuit stub lies with the 
construction of their output matching networks. The output matching network of the 
practical reference amplifier shown in Figure 5.2 can be interchanged with an output 
matching network with an approximate fundamental frequency IJ4 shunt short-circuit 
stub shown in Figure 5.3. The output matching network of the practical amplifier 
configuration with an approximate fundamental frequency IJ4 shunt short-circuit stub 
is indicated in Figure 5.3. 
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Figure 5.3 Photograph showing a completed practical 2GHz amplifier configuration, 
with input matching networks and an output matching network with an approximate 
fundamental frequency IJ4 shunt short-circuit stub connected to a MESFET device 
Figure 5.3 also shows a photograph of the completed practical 2GHz 
amplifier configuration with an approximate fundamental frequency IJ4 shunt short-
circuit stub. 
5.2.2 CONFIGURATION OF AUTOMATED TEST BENCH 
The collection and compilation of measurement data can be a long and 
tedious process, especially with two-tone test measurements where information at the 
two fundamental carriers and at their 1M3 products has to be taken. Therefore, it was 
decided to use an automated test bench facility where practical measurements at the 
fundamental carriers and at their respective IMD products for the amplifier 
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configurations discussed earlier were made. Figure 5.4 shows a block diagram of the 
practical automated test bench that was used. A photograph of the practical automated 
test-bench that was used for evaluating the performance of these amplifier 
configurations respectively is shown in Figure 5.5 . 
ＮＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭｾｾ ｾｾｾｾｾｾＺｲ ｾＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＮＮＮＮＬ＠
Figure 5.4 Block diagram of an automated test bench configuration 
Figure 5.5 Photograph of practical automated test bench configuration 
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In summary, the primary objective of the automated test bench was to 
facilitate linearity and P AE measurements of the amplifier configuration under test. 
Further discussions related to the calibration and functions various equipments used in 
this practical automated test bench are described in the following sections. 
5.2.2.1 GENERAL PERIPHERAL INTERFACE Bus (GPIB) CONTROLLER 
The automated test bench facility relies on the use of the GPIB controller as 
shown in Figure 5 .4. The GPIB controller provided instantaneous automated control 
with the connected instruments as indicated by blue lines shown in Figure 5.4 whilst 
obtaining measurement data. A software algorithm was developed specifically for the 
GPIB controller used in this automated test-bench configuration. This algorithm 
included instructions for the GPIB controller to adjust the frequency and power levels 
of the signal source generator, instructions to record measured data from both the two 
channel multi-meters separately, as well as instructions to record measured data from 
spectrum analyser 1. 
5.2.2.2 SIGNAL SOURCE GENERATOR AND LINEAR AMPLIFIER 
A maximum of two signal source generators were used to generated the 
required two-tone input to the amplifier configuration under test. Each of these signal 
source generators is capable of producing a measured maximum output power of 
13.5dBm, 1.5dBm less than the specified maximum output power level of 15dBm. 
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Fulihermore, at these drive levels, the amplification stage within the signal source 
generator was probably operating close to saturation, indicating a strong presence of 
non-linearity that would affect the accuracy of two-tone IM3/C measurements. Tests 
were conducted on both the signal source generators to determine their maximum 
linear output drive level. It was found that both of these signal source generators 
effectively generate linear drive levels up till -13dBm. A driver amplifier with a gain 
of at least 28dBm was therefore required to provide a maximum input drive level of 
15dBm to the amplifier configuration under test. 
The linear amplifier shown in Figure 5.4 is basically a driver amplifier with 
an operating linear gain of 30dB between 1.8GHz to 2.2GHz. The output power at the 
-1 dB gain compression point of this driver amplifier is about 40dBm but the required 
maximum input drive level to the amplifier configuration is 15dBm. Thus, for the 
two-tone practical test measurement, the driver amplifier was operating at power 
levels 25dB backed off from the -1 dB gain compression point whilst producing power 
levels up to a maximum of 15dBm. Further tests were conducted to ensure that the 
level of 1M3 products generated by the driver amplifier was very much lower 
compared with those of the amplifier configuration under test. This precautionary 
measure was necessary to ensure that the measured 1M3 levels were generated solei y 
by the amplifier configuration under test only. 
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5.2.2.3 TWO-CHANNEL MULTI-METER AND SPECTRUM ANALYSER 
The primary function of the two-channel multi-meter as shown in Figure 5.4 
was to determine the DC currents and voltages at the gate and drain terminals of the 
amplifier configuration under test at varying input and output levels respectively. 
These voltage and current information provide the DC power consumption of the 
amplifier configuration under test at varying input and output power levels. 
Figure 5.4 shows the use of two spectrum analysers. Both of them were used 
for the same primary purpose of measuring the output power levels at the fundamental 
carrier and at the 1M3 products. The sole purpose of specuum analyser 1 was for 
measurement data collection purposes only and was therefore connected to the GPffi 
controller. Power levels at the required frequencies were determined by appropriately 
adjusting the cenu·e frequency, frequency span and resolution bandwidth of the 
spectrum analyser accordingly. Therefore, it was not possible to view the full output 
spectrum of the amplifier configuration under test with specttum analyser 1. The 
function of spectrum analyser 2 was therefore reserved for viewing the complete 
output power spectrum of the amplifier configuration under test. 
5.2.2.4 ATTENUATORS, DIRECTIONAL COUPLERS AND ISOLATORS 
Attenuators were used, as shown in Figure 5 .4, for reducing the actual output 
power level from the amplifier configuration under test to a level low enough to be 
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detected and measured by the spectrum analyser, thus preventing damage or othetwise 
saturation within the spectrum analyser that may also generate unwanted IMD 
products. 
As mentioned earlier, a complete spectrum of the output of the amplifier 
configuration was desirable since another spectrum analyser was used for data 
collection purposes. Therefore, a single directional coupler was used to provide a 
coupled output signal from the amplifier configuration under test to specu·um analyser 
2 as shown in Figure 5.4. 
Isolators were provided between equipments connected to the input and 
output of the amplifier configuration under test as shown in Figure 5 .4. Significant 
isolation was provided between the signal source generator and the input of the 
amplifier configuration under test. This was to prevent reflected signals, usually 
caused by impedance mismatch between connecting equipments, from mixing 
internally with the forward signals at the signal source generator end. Further isolation 
was also provided between the output of the amplifier configuration under test and at 
the input of spectrum analyser 2 as shown in Figure 5.4. This was to prevent any 
possible reflected signals from mixing internally with the forward signals at the output 
of the amplifier configuration under test. 
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5.2.2.5 CALffiRATION OF AUTOMATED TEST BENCH 
Before practical measurement data were collected, calibration of the 
automated test bench was made to reduce any discrepancies and inconsistencies in the 
final measurement data. Accuracy of the measured data was improved by accounting 
for the insertion loss of the connecting equipments between the signal source 
generator and Reference point A, the connecting equipments between Reference 
points B and C, and the connecting equipments between Reference points B and D as 
shown in Figure 5.4. 
The actual input power level prior to the input of the amplifier configuration 
under test was determined by measuring the power level at Reference point A by 
using the automated test bench configuration shown in Figure 5.6. 
User Interface ＮＮＮＮＮＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＱｾ＠ GPIB Controller 14-------------. 
Signal 
Source 
Isolator 
Linear 
Amplifier Isolator 
Bias 
Tee 
Spectrum 
Reference Analyser 
Point A 
t lit 
Isolator 
Figure 5.6 Block diagram of equipment configuration used to determine power level 
at Reference point A 
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The automated test bench configuration shown in Figure 5.6 was also used 
to determine the IM3 levels generated by the linear amplifier. 
The insertion loss of the connecting equipments between Reference points B 
and C, and the connecting equipments between Reference points B and D were 
determined by measuring the loss with the network analyser in the configuration 
shown in Figure 5. 7. · 
ＭＭＭＭＭＭＭｾｾｐｯｲｴ＠ 1 Network Analyser Port ＲｾＭＭＭＭＭＭＭＭＮ＠
Reference 
Point 8 
Isolator 
Bias 
Tee 
Isolator 
Attenuator 
Isolator Directional 
Coupler Attenuator 
Isolator 
Figure 5.7 Equipment configuration used for measuring insertion loss 
A 50.Q load termination was provided at Reference point D whilst the 
insertion loss between Reference points B and C was measured. The purpose of the 
50.Q load termination was to provide a matched load termination at the end of 
Reference points C or D. The insertion loss of the connecting equipments between 
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Reference points B and D was also determined in a similar way using the equipment 
configuration shown in Figure 5.7, except that port 2 of the network analyser is 
connected directly to Reference point D and the 50.Q load termination was provided at 
Reference point C. The values of these insertion losses were eventually accounted for 
respectively when connected to both spectrum analysers. 
5.3 PRACTICAL EVALUATION 
Although a great deal of research investigations and simulations discussed in 
this thesis used a standard two-tone signal at the input for analysing the output 
linearity performance of various amplifier configurations, the standard two-tone test 
in practice alone is not a realistic test of the behaviour of power amplifiers in digital 
systems. The main reason is because the two-tone test cannot accurately predict the 
spectral re-growth in the adjacent channels of digitally modulated waveforms, thus 
making the standard two-tone test no longer a good figure of merit for linearity 
performance. Distortion measurements such as the Enor Vector Magnitude (EVM) 
and Adjacent Channel Power Ratio (ACPR) must therefore be considered. Therefore, 
application of complex modulation schemes such as the Enhanced Data Rate for GSM 
Evolution (EDGE) and Wideband Code Division Multiple Access (WCDMA) to 
measure EVM or ACPR of a practical 2GHz MESFET power amplifier was 
considered since they are the most commonly used digitally modulated formats in the 
mobile communications industry. 
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Table 5.1 Summary of practical measurements employed 
TEST SOURCE TEST MEASUREMENTS* 
Two-tone test i. IM3/C performance of amplifier configuration 
ii. 2-tone P AE performance of amplifier configuration 
EDGE i. EVM performance of amplifier configuration 
ii. GSM-EDGE ACPR performance of amplifier 
configuration 
iii. P AE performance of amplifier configuration 
WCDMA i. W-CDMA ACPR performance of amplifier 
configuration 
ii. P AE performance of amplifier configuration 
Resolution bandwidths were set at 1OOkHz for the two-tone test and 30kHz for the EDGE and 
WCDMA tests during automated measurements. 
Table 5.1 shows a list of practical measurements that were undertaken 
during the performance evaluation of these amplifier configurations, including further 
tests to measure the lineruity of these amplifier configurations with EDGE and 
WCMDA modulated signals. Further details of these tests described in Table 5.1 ru·e 
discussed in the following sections. 
5.3.1 STANDARD TWO-TONE MEASUREMENT TEST 
The two-tone test has been widely accepted as the standard laboratory test 
for the linearity performance of an amplifier. In this laboratory experiment, a standard 
two-tone test with a carrier spacing of lMHz centred at 20Hz was undertaken. The 
main objective of this practical examination was to compare the two-tone IM3/C and 
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PAE performance of the amplifier with an approximate fundamental frequency /J4 
shunt short -circuit stub with those of the reference amplifier. 
5.3.1.1 2-TONE EQUIPMENT CONFIGURATION 
Figure 5.8 shows a block diagram representation of the practical standard 
two-tone test configuration used. 
Spectrum 
Analyser 2 
Figure 5.8 Block diagram of practical two-tone test configuration 
The practical two-tone test block diagram configuration shown in Figure 5.8 is 
similar to the practical test block diagram shown in Figure 5 .4, except for the 
replacement of one signal source generator by two generators with adequate isolation 
between them. The GPffi controller shown in Figure 5.8 has control over the 
frequency and power level settings of both signal source generators. Calibration has 
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been made at Reference point A to ensure that the amplitudes of these two 
fundamental input signals are equal as a fair comparison. The following section 
discusses the practical results obtained from this practical two-tone test. 
5.3.1.2 TWO·TONE TEST PRACTICAL RESULTS 
Figure 5.9 shows a plot comparing the two-tone IM3/C and PAE 
performances between the reference amplifier and the amplifier with an approximate 
fundamental frequency /J4 shunt short-circuit stub, both amplifier configurations 
operating with a two-tone input signallMHz apart and centred at 20Hz. 
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Figure 5.9 Comparison of practical two-tone IM3/C and P AE performance between 
reference amplifier and amplifier with approximate fundamental frequency IJ4 shunt 
short -circuit stub 
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Figure 5. 9 shows the measured results of both upper and lower 1M3 products 
of the practical amplifier with and without the approximate fundamental frequency 
IJ4 shunt short-circuit stub. Figure 5.9 clearly illustrates the maximum improvement 
in IM3/C improvement of 16.5dB (from -26dBc to -42.5dBc) and improvement in 
PAE of 4% (from 18.5% to 22.5%) at a measured two-tone output power of 24.2dBm 
for a resolution bandwidth of 1OOkHz. Figure 5.10 shows a practical two-tone spectral 
plot of this amplifier with and without the approximate fundamental frequency IJ4 
shunt short-circuit stub. The resolution bandwidth has been increased to 100kHz so 
that the before and after spectral performance are visible. 
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Figure 5.10 Practical two-tone spectrum of amplifier with and without approximate 
fundamental frequency IJ4 shunt short-circuit stub 
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The two-tone output spectrum of the amplifiers with and without the 
approximate fundamental frequency /J4 shunt short circuit stub as shown in Figure 
5.10 was taken at an output power level of 24.2dBm. This output power level 
corresponded to the maximum suppression of 1M3 levels for the amplifier with an 
approximate fundamental frequency 'A/4 shunt short-circuit stub. The IM3/C 
performance taken from Figure 5.10 for these amplifiers are in agreement and 
consistent with the IM3/C performance shown in Figure 5.9 taken at the output power 
level of 24.2dBm. Table 5.2 provides a summary of the practical two-tone test 
measurements obtained in this experiment. 
Table 5.2 Summary of practical two-tone test measurements 
2-TONETEST 
No. AMPLIFIER CONFIGURATION IM3/C PAE 
[dBc] [%] 
1. Reference Amplifier -26 18.5 
2. Amplifier with approximate fundamental frequency 'A/4 -42.5 22.5 
shunt short-circuit stub 
Note: 
Measurements taken at an amplifier output power level of 24.2dBm respectively with a resolution 
bandwidth setting of 1OOkHz. 
5.3.2 EDGE MEASUREMENT TEST 
The linearity and efficiency behaviours of both amplifier configurations 
have been evaluated with a standard laboratory two-tone test in the last section. In this 
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experiment, an Enhanced Data Rate for GSM Evolution (EDGE) modulated signal 
was applied at the input where the EVM, ACPR and P AE for both amplifier 
configurations have been measured. 
5.3.2.1 EDGE EQUIPMENT CONFIGURATION 
Figure 5.11 shows a block diagram of the EDGE test configuration used to 
evaluate the performance of the amplifier with and without the approximate 
fundamental frequency /J4 shunt short-circuit stub. 
DC 
Supply 
User Interface 
GPIB Controller 
DC 
Supply 
Spectrum 
Analyser 2 
Figure 5.11 Block diagram of EDGE test configuration 
Spectrum 
Analyser 1 
A single EDGE modulated source signal generator was used to provide the 
required modulated input signal to the amplifier configurations under test. Standard 
distortion figures of merit with EDGE modulated signals require the EVM and ACPR 
135 
CHAPTER 5: DESIGN AND EVALUATION OF A 
PRACTICAL LINEAR AND EFFICIENCY 2GHz MESFET 
POWER AMPUFIER 
to be measured at a resolution bandwidth setting of 30kHz. Therefore, measurements 
for EVM, ACPR and P AE for the amplifier with an approximate fundamental 
frequency IJ4 shunt short-circuit stub have been made and compared with those of the 
reference amplifier. 
5.3.2.2 EDGE PRACTICAL RESULTS 
Figure 5.12 compares the EVM and P AE between the amplifiers with and 
without the approximate fundamental frequency IJ4 shunt short-circuit stub. 
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At an average output power level of 20.5dBm, the amplifier with an 
approximate fundamental frequency A/4 shunt short-circuit stub showed 
improvements in EVM (3.6% improvement from 5.1% to 1.5%) and PAE (1.7% 
improvement from 8% to 9.7%) compared with the reference amplifier. Figure 5.13 
shows a comparison of the lower and upper ACPR, measured at an offset of 250kHz 
from the centre frequency of 20Hz, plotted against output power between the 
amplifiers with and without the approximate fundamental frequency A/4 shunt short-
circuit stub. 
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Figure 5.13 Comparison of lower and upper ACPR, measured at 250kHz offset, 
between amplifiers with and without approximate fundamental frequency A/4 shunt 
short-circuit stub 
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Figure 5.13 shows that an improvement of 8dB (from -33.5dBc to -41.5dBc) 
in ACPR at an offset of 250kHz was obtained at an average output power level of 
20.5dBm for the amplifier with an approximate fundamental frequency ')J4 shunt 
short-circuit stub. Measurements of ACPR performance at an offset of 400kHz have 
been made for the amplifiers with and without the approximate fundamental 
frequency ')J4 shunt short-circuit stub and the results are plotted in Figure 5.14. 
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Figure 5.14 Comparison of lower and upper ACPR, measured at 400kHz offset, 
between amplifiers with and without approximate fundamental frequency ')J4 shunt 
short-circuit stub 
Figure 5.14 shows that at an average output power level of 20.5dBm, an 
improvement of 6dBm (from -45dBc to -51dBc) in ACPR was measured for the 
amplifier with an approximate fundamental frequency ')J4 shunt short-circuit stub 
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compared with those of the reference amplifier. Figure 5.15 shows a comparison of 
the EDGE spectrum for the amplifier with and without the approximate fundamental 
frequency ')J4 shunt short-circuit stub at an output power level of 20.5dBm. 
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Figure 5.15 Comparison of EDGE spectrum between amplifiers with and without 
approximate fundamental frequency ')J4 shunt short-circuit stub 
Table 5.3 provides a summary of the practical EDGE measurements 
obtained from the amplifiers with and without the approximate fundamental 
frequency ')J4 shunt short-circuit stub. 
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Table 5.3 Summary of practical EDGE measurements 
GSM-EDGE TEST 
No. AMPLIFIER CONFIGURATION EVM ACPR1 ACPR2 PAE 
[%] [dBc] [dBc] [%] 
1. Reference Amplifier 5.1 -33.5 -45 8 
2. Amplifier with approximate 1.5 -41.5 -51 9.7 
fundamental frequency 'A/4 shunt 
short-circuit stub 
Note: 
Measurements were taken at an amplifier output power level of 20.5dBm with a resolution bandwidth 
setting of 30kHz. 
1. ACPR measured at an offset of 250kHz from the fundamental frequency of 20Hz. 
2. ACPR measured at an offset of 400kHz from the fundamental frequency of 20Hz. 
Amplifier measurements with EDGE modulated signal applied at the input 
have shown useful improvements in EVM (3.6% improvement from 5.1% to 15%), 
PAE (1.7% from 8% to 9.7%), ACPR at 250kHz offset (8dB from -33.5dBc to-
41.5dBc), ACPR at 400kHz offset (6dB from -45dBc to -51dBc). These 
improvements were measured at an amplifier output power level of 20.5dBm with a 
required resolution bandwidth setting of 30kHz. 
5.3.3 WCDMA MEASUREMENT TEST 
Another different modulation scheme commonly used in the mobile 
communications industry was used in this experiment. The main objectives of this 
experiment were to measure the ACPR and PAE performance for both amplifier 
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configurations with a Wideband Code Division Multiple Access (WCDMA) signal 
applied at the input. 
5.3.3.1 WCDMA EQUIPMENT CONFIGURATION 
Figure 5.16 shows a block diagram illustrating the WCDMA measurement 
configuration that was used to evaluate the performance of these amplifiers with and 
without the approximate fundamental frequency IJ4 shunt short-circuit stub. 
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User Interface 
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Supply 
Spectrum 
Analyser2 
Figure 5.16 Block diagram of WCDMA measurement configuration 
Spectrum 
Analyser 1 
A signal source generator capable of providing a WCDMA modulated signal 
was used as part of the measurement configuration as shown in Figure 5.16. The 
algorithm for the GRill controller has also been configured to measure ACPR data at 
5MHz offset from the centre frequency of 20Hz, with varying output power for a 
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standard WCDMA ACPR requirement. The resolution bandwidth of the spectrum 
analyser has also been set at the required 30kHz for ACPR measurements. 
5.3.3.2 WCDMA PRACTICAL RESULTS 
Figure 5.17 shows a plot of WCDMA lower and upper ACPR as well as 
P AE against varying output power measured from amplifier configurations with and 
without an approximate fundamental frequency IJ4 shunt short-circuit stub. 
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Figure 5.17 Comparison of WCDMA ACPR and P AE between amplifiers with and 
without approximate fundamental frequency IJ4 shunt short-circuit stub 
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Based on the results shown in Figure 5.17, useful improvements in ACPR 
(13dB improvement from -31dBc to -44dBc) and PAE (1.8% improvement from 6% 
to 7.8%) at an output power level of 19.5dBm were observed for the amplifier 
configuration with an approximate /J4 shunt short-circuit stub compared with the 
reference amplifier. Figure 5.18 shows W-CDMA conventional spectral plots 
comparing the spectra of the amplifiers with and without the approximate 
fundamental frequency IJ4 shunt short-circuit stub at an average output power level 
of 19.5dBm. The ACPR at this output power level showed identical figures (about 
13dB improvement in ACPR from -31dBc to -44dBc) of improvement. 
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Figure 5.18 WCDMA spectrum of amplifier configurations with and without 
approximate fundamental frequency IJ4 shunt short-circuit stub 
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Figure 5.18 clearly shows the improvements in ACPR, at 5MHz offset from 
the centre frequency, obtained for an amplifier with an approximate fundamental 
frequency ').J4 shunt short-circuit stub. The spectra displayed in Figure 5.18 also 
showed useful improvements (improvement of 7 .5dB from -41.5dBc to -49dBc) in 
ACPR at 7 .5MHz offset from the centre frequency. 
WCDMA measurements performed on the amplifier with an approximate 
fundamental frequency ')J4 shunt short-circuit stub so far have shown useful 
improvements in both ACPR and P AE performance compared with those of the 
reference amplifier, as summarised clearly in Table 5.4. 
Table 5.4 Summary of practical WCDMA measurements 
W-CDMA TEST 
No. AMPLIFIER CONFIGURATION ACPR PAE 
[dBc] [%] 
1. Reference Amplifier -31 6 
2. Amplifier with approximate fundamental frequency 'A/4 -44 7.8 
shunt short -circuit stub 
Note: 
Measurements taken at an amplifier output power level of 19 .5dBm with an resolution bandwidth 
setting of 30kHz. 
Practical examinations with a standard WCDMA input signal applied at the 
inputs of both amplifier configurations have been completed with measurement 
results with strong indications of useful improvements in ACPR and P AE 
performances. 
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5.4 SUMMARY OF RESULTS AND CONCLUSION 
The benefits of providing a shunt low impedance at the lower frequencies 
across the drain terminal of a 20Hz MESFET have been investigated and confirmed 
practically. An approximate fundamental frequency)J4 shunt short-circuit stub was 
used to provide the required low impedance at the lower frequencies at the output 
without affecting the impedance at the fundamental frequency. Two amplifier 
configurations, with and without the provision of an approximate fundamental 
frequency A./4 shunt short-circuit stub across the output drain terminal, were 
separately designed using a single Mitsubishi MGF2430A 1 W MESFET device. 
Three separate linearity and efficiency practical bench experiments using 
different modulated signal sources (two-tone carrier, EDGE and WCDMA modulated 
carriers), have been applied to the inputs of both the reference amplifier and the 
amplifier configuration with an approximate fundamental frequency 'A/4 shunt short-
circuit stub. Measurements for the two-tone test were made with a resolution 
bandwidth setting of 1OOkHz whereas measurements for the EDGE and WCDMA 
tests were made with a required resolution bandwidth setting of 30kHz. 
Table 5.5 provides a summary of the practical measurements obtained for 
these experiments performed on both the reference amplifier and the amplifier with an 
approximate fundamental frequency A./4 shunt short-circuit stub. 
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Table 5.5 Summary of practical measurements 
No. 
AMPLIFIER 
CONFIGURATION 
1. Reference Amplifier 
2. Amplifier with 
approximate /J4 
shunt short-circuit 
stub 
Note: 
Two-ToNE 
TEST1 
INI3 PAE 
[dBc] [%] 
-26 18.5 
-42.5 22.5 
EDGE ｔｅｓｔｾ＠ WCDMA 
TEST3 
EVM ACPR PAE ACPR PAE 
[%] [dBc] [%] [dBc] [%] 
5.1 -33.5 8 -31 6 
1.5 -41.5 9.7 -44 7.8 
1. Measurements of two-tone test taken at an amplifier output power level of 24.2dBm with a 
resolution bandwidth setting of 1OOkHz. 
2. Measurements of EDGE test taken at an amplifier output power level of 20.5dBm with a required 
resolution bandwidth setting of 30kHz. ACPR measured at 250kHz offset from fundamental 
frequency of 2GHz. 
3. Measurements of WCDMA test taken at an amplifier output power level of 19.5dBm with a 
required resolution bandwidth setting of 30kHz. ACPR measured at 5MHz offset from 
fundamental frequency of 2GHz. 
Measurements obtained from the practical two-tone test showed that 
maximum improvements in IM3/C (16.5dB improvement from -26dBc to -42.5dBc) 
and PAE (4% improvement from 18.5% to 22.5%), occurring at an output power level 
of 24.2dBm, were obtained for the amplifier with an approximate fundamental 
frequency /J4 shunt short-circuit stub compared with those of the reference amplifier. 
A different signal source input using the EDGE modulation scheme was 
applied to the input of these amplifiers. Practical measurements also showed that 
improvements in EVM (3.6% improvement from 5.1% to 1.5% ), ACPR (8dB 
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improvement from -33.5dBc to -41.5dBc at an offset of 250kHz) and PAE (1.7% 
improvement from 8% to 9.7%) have been obtained for the amplifier with an 
approximate fundamental frequency IJ4 shunt short-circuit stub at an output power 
level of 20.5dBm with a required resolution bandwidth setting of 30kHz. 
A further experiment was performed using a Wideband CDMA modulated 
scheme to provide the input signals to the amplifier configurations under test. 
Practical measurements showed that improvements in ACPR (13dB improvement 
from -31dBc to -44dBc at an offset of 5MHz) and P AE (1.8% improvement from 6% 
to 7.8%) were obtained for the amplifier with an approximate fundamental frequency 
IJ4 shunt short -circuit stub at an output power level of 19 .5dBm with a required 
resolution bandwidth setting of 30kHz. 
The difference in measured amplifier output powers in these three 
experiments was due to the different resolution bandwidth settings that were used 
during each measurement. A resolution bandwidth setting of 1OOkHz was used in the 
two-tone experiment whereas a required resolution bandwidth setting of 30kHz was 
used in the EDGE and WCDMA experiments. In complex digitally modulated 
formats such as EDGE and WCDMA signals, the spectral bandwidth of these signals 
are usually much wider than 30kHz, therefore, by using a reduced resolution 
bandwidth during measurements, the average power levels were limited to a 30kHz 
bandwidth. Thus, the average measured power that was measured in a 30kHz 
resolution bandwidth setting will be lower than the average power level that was 
measured for a resolution bandwidth setting wider than 30kHz. 
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In conclusion, the performance benefits by provision of a shunt low 
impedance at the lower frequencies across the drain terminal of a 20Hz MESFET 
amplifier have been confirmed practically on the bench for the standard two-tone 
tests, EDGE and WCDMA input signals. 
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6 CONCLUSIONS AND SUGGESTIONS FOR FURTHER 
WORK 
6.1 CONCLUSIONS 
The research work described in this thesis was concerned with investigating 
and proposing novel circuit and design techniques for improving the performance of 
MESFET power amplifiers. Research work included investigations and analyses using 
computer aided simulations as well as practical expetimentations. Two novel circuit 
design techniques for improving the performance of a 20Hz MESFET amplifier have 
been proposed and documented in this thesis. 
A small part of this three year research was dedicated to the concept of 
Close-to-Chip lumped element matching. This concept is a proposed novel technique 
for improving the 3dB bandwidth performance of MESFET power amplifiers. The 
fundamental concept underlying this technique requires the use of lumped elements to 
design appropriate input and output matching networks within the encapsulation of a 
transistor device. As a demonstration of this technique, only simulation analyses could 
be canied out. An un-encapsulated model of a commercially available Fujitsu 
FLC151XP 1.5W MESFET has been selected and designed to operate at a centre 
frequency of 20Hz in order to demonstrate the benefits of Close-to-Chip lumped 
element matching over the conventional Off-Chip distributed element matching. An 
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equivalent circuit model of the package encapsulation was also used in the 
simulations. Two amplifier configurations, one with Close-to-Chip lumped element 
matching and the other with Off-Chip distributed element matching was designed and 
simulated under identical operating conditions. Simulation results showed that the 
amplifier configuration with the proposed Close-to-Chip lumped element matching, 
had a wider 3dB bandwidth (565MHz wider from 235MHz to 800MHz across output 
power levels from 23 .SdBm to 28dBm) as compared with the amplifier configuration 
with Off-Chip distributed element matching. Although the concept of the Close-to-
Chip lumped element matching technique was demonstrated successfully by 
simulation, a practical investigation and demonstration of this technique could not be 
carried out due to the lack of foundry facilities. 
The major part of the research program was concerned with an investigation 
into the improvement of linearity and efficiency of MESFET power amplifiers using 
the technique of load optimisation at relevant frequencies. 
A proper investigation into the effects of providing harmonic terminations at 
the output was carried out for the first time by simulation. A Mitsubishi MGF2430A 
1 W MESFET encapsulated device was therefore selected to demonstrate the effects of 
providing harmonic terminations on two-tone linearity and efficiency. Through the 
use of equation-defined networks in the simulator, it was possible to provide ideal 
shunt shot1-circuits or ideal series open-circuits or a combination of both at the output 
of device prior to the output matching networks. Two-tone simulation results showed 
that only a slight improvement in IM3/C (2dB improvement from -2ldBc to -23dBc) 
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and PAE (1.2o/o improvement from 20.3% to 21.5%) was obtained with those 
amplifier configurations having an ideal 2nd harmonic shunt short-circuit at the output 
compared with the simulated two-tone IM3/C and P AE pe1formance of the reference 
amplifier (without any performance enhancement circuit networks at the input or 
output). 
A further investigation was carried out replacing the ideal shunt 2nd 
harmonic short-circuit with an ideal fundamental frequency 'A/4 shunt short-circuit 
stub at the output for the reason that the latter network also provided a shunt short-
circuit at the 2nd harmonic frequency. Unlike previous two-tone simulation results of 
amplifier configurations with ideal 2nd harmonic shunt short-circuits at the output, the 
amplifier configuration with an ideal fundamental frequency /J4 shunt short-circuit 
stub showed a significant improvement in the simulated two-tone IM3/C (15dB 
improvement from -20dBc to -35dBc at an output power level of 24.5dBm) and P AE 
(3% improvement from 24.5% to 27.5%) compared with the simulated two-tone 
IM3/C and P AE performance of the reference amplifier. 
The cause of this discrepancy between the simulated two-tone IM3/C and 
P AE performance for the amplifier configuration with an ideal 2nd harmonic shunt 
short-circuit and the amplifier configuration with an ideal fundamental frequency 'A/4 
shunt short-circuit stub was further investigated by simulation. A comparison of the 
simulated two-tone spectra for the reference amplifier, the amplifier configuration 
with an ideal 2nd harmonic-shunt shott-circuit and the amplifier configuration with an 
ideal fundamental frequency /J4 shunt short-circuit stub was made for the first time. 
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Simulated results showed that the amplifier configuration with an ideal fundamental 
frequency 'JJ4 shunt short-circuit stub also provided a low shunt short-circuit 
impedance at the lower frequencies, including the difference frequency of the two 
fundamental input carrier signals. Therefore, a simple but yet effective simulation 
design technique was proposed to allow further investigations to determine the cause 
of this discrepancy. An equation-defined ideal bandpass filter, with a selective 
frequency impedance, was provided in cascade with the ideal fundamental frequency 
'JJ4 shunt shol1-circuit stub. Thus, simple alteration of the filtering characteristics of 
the ideal bandpass filter enabled the effect of a fundamental frequency 'A/4 shunt 
shol1-circuit stub at selected fre_quencies to be examined. 
Simulation results revealed that the cause of this discrepancy was due to the 
ideal fundamental frequency 'A/4 shunt short-circuit stub effectively providing a shunt 
short-circuit termination at the difference frequency and at the 2nd harmonic 
frequency. Simulation results further showed that an even larger improvement 
I 
(compared with those of the reference amplifier) in IM3/C (27 .4dBm improvement 
from -21.3dBc to -48.7dBc) and PAE (11.6% improvement from 20.3% to 31.9%) 
performance for the amplifier configuration with an ideal bandpass filter in cascade 
with the ideal fundamental frequency 'A/4 shunt short-circuit stub providing a shunt 
short-circuit termination at the difference frequency. For the first time, it has been 
demonstrated by simulation that in order to improve both the two-tone IM3/C and 
P AE performance of a 2GHZ MESFET amplifier, a shunt short -circuit at the 
difference frequency has to be provided across the drain terminal of the amplifier. 
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A simple and effective novel circuit technique was proposed to provide the 
required shunt short -circuit termination at the difference frequency across the drain 
terminal of a 20Hz MESFET amplifier. The basic concept underlying this novel 
technique was to alter the phase length of the ideal exact fundamental frequency IJ4 
shunt short-circuit stub appropriately such that the original resonant frequency 
(providing a shunt short-circuit at 40Hz) was shifted away sufficiently whilst 
providing a shunt short-circuit at the difference frequency. 
So far, the components used in simulating various amplifier configurations 
have been ideal and lossless. However, in practice, ideal components such as an ideal 
DC block with infmite capacitance or ideal matching networks with loss-free 
microstrips and stubs were impossible to manufacture. Attempts to apply this novel 
circuit technique using real components with losses were made. The input and output 
matching networks and stubs using ideal microstrips and stubs were replace with 
lossy microstrips and stubs. The ideal DC blocking capacitor of infinite capacitance 
was replaced with a real capacitor with a series resonance and finite capacitance. The 
appropriate value of capacitance to be used was determined by simulating the series 
resonance of a real capacitor with various capacitances. The effect of the series 
resonance of a real capacitor was futther simulated by arranging the real capacitor to 
be provided in series with the lossy fundamental frequency IJ4 shunt short-circuit 
stub. Simulation results showed that a large capacitance was required in order for the 
arrangement of this real capacitor in series with the lossy fundamental frequency IJ4 
shunt short -circuit stub to provide a low shunt impedance at the difference frequency. 
Two-tone simulation results later confirmed that this arrangement suitably provided 
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the required shunt short-circuit impedance at the difference frequency across the drain 
terminal of the 20Hz MESFET amplifier. 
Practical two-tone measurements on the IMJ/C and P AE performance for 
the amplifier configuration with an approximate lossy fundamental frequency /J4 
shunt short-circuit stub and a reference amplifier were carried out. The measured 
results for the amplifier configuration with an approximated lossy fundamental 
frequency /J4 shunt short-circuit stub showed improvements in IJV13/C (16.5dB 
improvement from -26dBc to -42.5dBc) and PAE (4% improvement from 18.5% to 
22.5%) performance compared with those of the reference amplifier at an output 
power level of 24.2dBm. Digitally modulated signals were then applied to determine 
the level of distortion and efficiency for both of these amplifier configurations. In the 
GSM-EDGE input signal case, the amplifier configuration with an approximate lossy 
fundamental frequency IJ4 shunt short-circuit stub showed improvements of 3.6% in 
EVM (from 5.1 o/o to 1.5%), 8dB in ACPR at 250kHz offset (from -33.5dBc to -
41.5dBc), 6dB in ACPR at 400kHz offset (from -45dBc to -51dBc) and 1.7% in PAE 
(from 8% to 9.7%) compared with those of the reference amplifier. These 
measurements were measured at an output power level of 19.5dB. For the W-CDMA 
case, improvements of 13dBm in ACPR (from -31dBc to -44dBc) at an offset of 
5MHz and 1.8% in PAE (from 6% to 7.8%) were observed for an output power level 
' 
of 20.5dBm. Such improvements in ACPR are considered to be very good, especially 
in digital m?bile communication systems. 
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In conclusion, the objectives of this research, as highlighted in Chapter!, 
have been achieved with the implementation of a practical 2GHz MESFET amplifier 
confirming the success of the proposed novel circuit technique discussed in this thesis. 
The thorough investigations using simulation desc1ibed in this thesis have also made a 
distinctive contribution to the success of this research. 
6.2 FURTHER WORK 
A number of suggestions for fu11her research work can be made based on the 
investigations and observations discussed in this thesis. Most of the investigations, 
simulations, and measurements made so far were concerned with the 3rd Order IMD 
products. Ful1her research work could be carlied out to investigate the effects on 
higher order IMD products for an amplifier configuration with a fundamental 
frequency ').J4 shunt short-circuit stub at the output. Simulation and measured results 
discussed in this thesis have highlighted that the localised IM3 minimum, or 'sweet-
spot', occurred mostly at around 3-4dB back-off from the -ldB gain compression 
point. Therefore, it would be worth investigating the positioning of the 'sweet-spot' 
on the linearity curve with output power. 
Most of the research work earned out so far dealt with the provision of a 
fundamental frequency 'A/4 shunt short-circuit at the output of a MESFET device. 
Further research work could be extended to investigate the effects on the two-tone 
linearity and efficiency for an amplifier configuration with a fundamental frequency 
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IJ4 shunt short-circuit stub provided at the input of the MESFET device or an 
amplifier configuration with a fundamental frequency 'A/4 shunt short-circuit stub at 
both the input and output of the MESFET device. Furthermore, the relationship 
between the difference frequency and the non-linearities such as gm (cmTent 
generator), gd (voltage generator), Cgs (Gate-Source capacitance) and Cgd (Gate-Drain 
capacitance), on the improvements in two-tone linearity and efficiency could be 
investigated. This work should include mathematical analyses, simulation and 
practical measurements. 
The novel circuit technique of providing a low frequency, low impedance 
shunt short-circuit at the output of a MESFET device should be further explored under 
different operating conditions, such as bias conditions and commercially available 
transistor technologies. 
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I A NOVEL TECHNIQUE FOR IMPROVING THE 
BANDWIDTH PERFORMANCE OF A 2GHz MESFET 
AMPLIFIER 
1.1 INTRODUCTION 
A novel technique for improving the bandwidth performance of a 20Hz 
MESFET power amplifier is described for the first time. The novel concept of presenting 
input and output matched conditions using lumped elements (physical size of the 
component is much smaller than the wavelength of the operating frequency, [1, 2]) within 
the package encapsulation of a transistor device (here referred to as Close-to-Chip 
lumped element matching) has been proposed and investigated by simulation. Simulated 
bandwidth performance were compared with the conventional method of matching that 
uses distributed elements (physical size of the component is much larger than the 
wavelength of the operating frequency[!, 2]) in the form of microstrips and stubs to 
present input and output matched conditions (here referred to as Off-Chip distributed 
element matching). A more detailed discussion of the concepts underlying the Close-to-
Chip lumped element matching and the Off-Chip distributed element matching are 
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provided in the following sections. Further details of the investigations, simulations and 
discussions are also made in the following sections. 
1.11 CLOSE-TO-CHIP LUMPED ELEMENT MATCHING 
Figure 1.1 shows a cross-sectional view of an encapsulated transistor device with 
the proposed Close-to-Chip lumped element matching at both the input and output 
terminals. 
/ 
/ 
/ 
f-
PACKAGE ENCAPSULATION 
ＮｾｾＭＭＭＭＭＭＭＭＭＭ .71 
/I /I 
/ : / : 
/ I Bond wires / I 
/ I I 
Figure 1.1 Proposed Close-to-Chip lumped element matching 
The novelty of this technique relies primarily on the use of lumped components 
in the form of bond wires and chip capacitors to provide the necessary inductances and 
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capacitances for matching to a son load external to the transistor encapsulation as 
illustrated in 1.11. 
BoND WIRES 
CHIP 
CAPACITORS 
Figure 1.11 Equivalent circuit representation of proposed Close-to-Chip lumped element 
matching networks 
Simple LC networks are used to provide both the input and output matching 
networks, where the inductances are provided by the bend wires and the capacitors are 
provided by the chip capacitors as illustrated in Figure I. II. 
An un-encapsulated Fujitsu FLC151XP 1.5W transistor device has been 
selected for investigating the benefits of Close-to-Chip lumped element matching by 
simulation. A general equivalent circuit representation of the package encapsulation (3] 
has been used as shown in Figure I.III. 
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EQUIVALENT CIRCUIT REPRESENTATION OF PACKAGE ENCAPSULATION 
PROPOSED Q.OSE-T0-0-tiP LUMPED ELEMENT 
INPUT AND OUTPUT MATCHING ｎｅｔｗｾｋｓ＠
lsa 
Figure 1.111 Equivalent circuit representation of encapsulated transistor device with 
proposed Close-to-Chip lumped element matching networks 
Figure I.Ill shows an overall equivalent circuit representation of an encapsulated 
transistor device with Close-to-Chip lumped element matching is shown in Figure I.ill. 
Details of the package encapsulation parameters are provided in Table I.I. 
Table 1.1 List of package equivalent circuit component values 
No. COMPONENT PARAMETER VALUE 
1 Gate Resistance, Ra o.7n 
2 Gate Inductance 1, Lot 0.3nH 
3 Gate Inductance 2, Lo2 0.25nH 
4 Gate Capacitance 1, Cat 0.038pF 
5 Gate Capacitance 2, Ca2 0.13pF 
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No. COMPONENT TYPE VALUE 
6 Gate-to-Drain Capacitance, Can 0.006pF 
7 Source Inductance 1, Ls1 0.028nH 
8 Source Inductance 2, Ls2 0.065nH 
9 Drain Resistance, Rn 0.70 
10 Drain Inductance 1, Ln1 0.25nH 
11 Drain Inductance 2, Ln2 0.2nH 
12 Drain Capacitance 1, Cnt 0.038pF 
13 Drain Capacitance 2, Cn2 0.13pF 
1.111 OFF-CHIP DISTRIBUTED ELEMENT MATCHING 
Figure I.IV shows an overall view of the conventional method of Off-Chip 
distributed element matching. 
Input Matching 
Network (Microstrip) 
Drain Terminal 
,...--- (Output) 
Output Matching 
Network (Microstrip) 
ｾＭＭＭ
Figure I.IV Conventional Off-Chip distributed element matching 
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Microstrips lines and open-circuit stubs were used for providing the input and 
output matching networks for the encapsulated transistor device with Off-Chip 
distributed element matching as illustrated in Figure I.IV. The equivalent circuit 
representation of an encapsulated transistor used with Off-Chip distributed element 
matching is illustrated in Figure I. V. 
.. 
Input matching networks 
(Microstrips) 
EQUIVALENT CIRCUIT REPRESENTATION OF PACKAGE ENCAPSULATION 
DRAIN 
Figure I.V Equivalent circuit representation of encapsulated transistor device used for 
Off-Chip distributed element matching 
The equivalent circuit representation of the package encapsulation for both the 
encapsulated transistor used for Off -Chip matching, as shown in Figure I. V, and the 
equivalent circuit representation of the encapsulated transistor used for Close-to-Chip 
lumped element matching as shown in Figure I.Ill are identical. The values of the various 
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components used for representing the package encapsulation are identical to those 
provided in Table 1.1. 
I.IV SIMULATION PROCEDURES AND CONDITIONS 
As mentioned earlier, a Fujitsu FLC151XP 1.5W GaAs FET Chip (without 
package encapsulation) operating at a centre frequency of 20Hz under Class NAB 
conditions was selected to demonstrate the bandwidth performance benefits of Close-to-
Chip lumped element matching over Off-Chip distributed element matching by 
simulation. Details of the simulation conditions are provided in the following sections. 
I.IV.I SIMULATION CONDITIONS 
The main objective of this investigation was to provide an acceptable 
comparison of the bandwidth performance between amplifiers using the Close-to-Chip 
lumped element technique with the conventional Off-Chip distributed element matching 
method. Table I.II provides a list of amplifier performance parameters which are used to 
compared the two matching options. 
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Table 1.11 List of amplifier performance parameters used to compare the two matching 
options 
No. AMPLIFIER PARAMETERS VALUES 
1 Input Reflection Loss, Su -20dB 
2. Output Reflection Loss, S22 -20dB 
3. Stability Factor, k 1 
4. Gain at Operating Frequency, f0 Variable 
5. Bandwidth Measurement, BW3dB -3dB Gain Reduction 
In order to ensure that the two matching options are consistent, the input and 
output reflection losses [4] - [7] have been set at a fixed value of -20dB . The stability 
factor for both matching options has also been set at a fixed value of unity [ 4] - [7]. 
Bandwidth measurements were taken at amplitudes 3dB below the gain response at the 
operating frequency as illustrated in Figure I. VI. 
S21 Gain Response [dB] 
1 
3dB 
T 
Frequency [Hz: 
Figure I. VI Illustration of 3dB bandwidth measurements on a typical S21 gain response 
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I.V SIMULATION RESULTS 
The output performance for the amplifier configurations using Close-to-Chip 
lumped element matching and Off-Chip distributed element matching have been 
simulated and results compared as shown in Figure I. VI. 
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Figure I. VII Comparison of simulated output performances for amplifier configurations 
with Close-to-Chip lumped element matching and Off-Chip distributed element matching 
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Figures I.VII (b) - (d) show compares the simulated Su, S22 and k-factor 
responses of both amplifier configurations where their simulated responses are in general 
agreement with each other. The simulated 3dB bandwidth performance displayed in 
Figure I. VIla clearly illustrated the advantage of using the Close-to-Chip lumped element 
matching over Off-Chip distributed element matching. The amplifier configuration with 
the Close-to-Chip lumped element matching technique demonstrated a 3dB bandwidth 
approximately two times wider (520MHz compared with 235MHz at output power levels 
from 23.5dBm to 29.5dBm) than the amplifier configuration using Off-Chip distributed 
element matching. Figure I. VIla also showed that the amplifier configuration using 
Close-to-Chip lumped element matching provided an approximately ldB addition in 
output power (31.3dBm compared with 30.4dBm) as compared to the amplifier 
configuration using Off-Chip distributed element matching. This difference in gain could 
be explained due to the losses within the package encapsulation [4]. 
Another amplifier configuration, as shown in Figure I. VIII was designed to 
produce the same gain level as that of the amplifier configuration using Off-Chip 
distributed element matching, by the addition of a series variable resistor at the gate. The 
function of this resistor was to adjust the output gain level of the amplifier configuration 
using Close-to-Chip matching such that it is identical to the output gain level of the 
amplifier configuration using Off-Chip distributed element matching. 
166 
- .. . - - .... :- - -
APPENDIX 1: A NOVEL TECHNIQUE FOR IMPROVING THE 
BANDWIDTH PERFORMANCE OF A 2GHz MESFET 
AMPUFIER 
CQD1 
EQUIVALENT CIRCUIT REPRESENTATION OF PACKAGE ENCAPSULATION 
r-----------1 
Figure I. VIII Equivalent circuit representation of amplifier configuration using Close-to-
Chip lumped element matching with a variable resistor for gain adjustments 
The amplifier configuration shown in Figure I. VIII is similar to the amplifier 
configuration shown in Figure I. Ill, apart from an additional series variable resistor at the 
input matching was provided for adjusting the gain response. Basically, all design 
conditions listed in Table 1.11 have been met except that the gain of this amplifier 
configuration shown in Figure I.Vll has been adjusted to be levelled with that of the 
amplifier configuration using Off-Chip distributed element matching. Figure I.IX shows 
four plots, each comparing of their simulated 3dB bandwidth performance, gain, Su, S22 
and k-factor responses respectively. 
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Figure I.IX Comparison of simulated output performance for amplifier configurations 
with Close-to-Chip lumped element matching (Adjusted Gain) and Off-Chip distributed 
element matching 
The requirements for identical S11 , S22 and k-factors for both amplifier 
configurations have been met, as illustrated clearly in Figures I.IX (b) -(d) respectively. 
Figure I.IXa clearly illustrates the simulated gain response that the amplifier 
configuration using Close-to-Chip lumped element matching has achieved by simply 
adjusting the value of the variable resistor, is identical to the simulated gain response for 
the amplifier configuration using Off-Chip distributed element matching. The simulated 
3dB bandwidth performance in the case with the amplifier configuration using Close-to-
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Chip lumped element matching with adjusted gain was slightly more than 3 times wider 
(800MHz compared with 235MHz at output power levels from 23.5dBm to 28dBm) than 
the amplifier configuration using Off-Chip distributed element matching. A summary of 
these simulated results are provided in Table I.III below. 
Table 1.111 Summary of simulated 3dB bandwidth performance 
3dB BANDWIDTH GAIN 
No. AMPLIFIER CONFIGURATION [MHZ] [dB] 
1 Off-Chip distributed element matching 235 13.65 
2. Close-to-Chip lumped element matching 520 14.4 
3. Close-to-Chip lumped element matching with gain 800 13.65 
level equal to amplifier configuration using Off-Chip 
distributed element matching 
Measurements taken at amplifier output power levels between 23.5dBm to 29dBm 
Figures in Table I.Ill showed that amplifier configurations using Close-to-Chip 
lumped element matching provided a factor more than two times in excess for the 3dB 
bandwidth compared with the amplifier configuration using distributed elements. 
I. VI CONCLUSION 
The primary effects of Close-to-Chip lumped element matching and Off-Chip 
distributed element matching have been simulated. Simulated results provided in Table 
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I.III showed the pronounced 3dB bandwidth benefits in favour of the amplifier 
configuration using the Close-to-Chip lumped element matching technique. However, 
due to the lack of foundry facilities, practical implementation and further research 
developments for this technique could not be continued. 
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MODULATION SCHEMES AND 
STANDARDS FOR MOBILE COMMUNICATION 
SYSTEMS 
11.1 INTRODUCTION 
The objective of this Appendix is to provide the reader an outline of the 
current digitally modulated formats used in modern cellular mobile communications. 
Two of the most popular modulation schemes cu1Tently used in the mobile 
communications industry are the Enhanced Data Rates for Global Systems for Mobile 
Communications (GSM) Evolution (EDGE), and the Wideband Code-Division 
Multiple Access (WCDMA) formats are discussed in the following sections. 
11.11 MODULATION FORMAT IN EDGE 
EDGE is the next step in the evolution of GSM where it offers increased 
data transmission rates and spectrum efficiency. Mobile operators using EDGE 
technology will be able to provide further applications (some examples include 
internet web browsing, digital photo image messaging) and also to handle a larger 
capacity of users as compared with GSM technology. 
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Figure 11.1 shows a comparison of the modulation formats used in GSM and 
EDGE on separate 1/Q constellation diagrams. 
GMSK 
Modulation 
Q 
1 bit per Symbol 
Modulation Format 
used in GSM 
8PSK 
Modulation 
Q 
(0,1,0)/::... 
･］］］］ ］Ｚｬ］］ ］］］ • ｾｾ＠ I 
(1 ,0,0) 
3 bits per Symbol 
Modulation Format 
used in EDGE 
(1,1,1) 
Figure 11.1 Comparison of modulation formats used in GSM and EDGE 
The type of modulation that is used in standard GSM is the Gaussian 
Minimum Shift Keying (GMSK) format whereas for EDGE, 8 Phase Shift Keying 
(PSK) format is used as shown in Figure II. I. 
GMSK is basically a derivative of MSK, which is a type of constant 
envelope (amplitude of the carrier is constant in·egardless variation in the modulating 
signal) phase modulation, where the MSK data waveform is passed through a 
Gaussian pulse shaping filter. In GSM, transmission of a zero bit or one bit is then 
represented by changing the phase of one symbol as shown in Figure II. I. 
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In order to achieve higher bit rates per time slot, an alteration of the standard 
GSM modulation format was required, whilst still maintaining the channel stlucture, 
channel width, channel coding and other existing mechanisms. The modulation that 
has been selected for EDGE, the 8-Phase Shift Keying (8PSK) modulation format, 
fulfils all of these requirements, making it possible to integrate GSM-EDGE channels 
into existing standard GSM channels. 
Phase Shift Keying is a method of transmitting and receiving digital signals 
the phase of a transmitted signal is varied to convey information. In 8PSK 
modulation, a total of eight phase angles (0°, ±45°, ±90°, ±135° and 180°) can be used 
to encode three bits as shown in Figure 11.1. Thus, even though the symbol rate 
remains unchanged, the total data rate has increased by a factor of three. 
11.11.1 MEASUREMENTS IN EDGE 
The Error Vector Magnitude (EVM) and the Adjacent Channel Power Ratio 
(ACPR) are two of the most commonly figures for measuring the level of distortion in 
EDGE modulated systems where the basic concepts for EVM and ACPR have been 
discussed in Chapter 1 respectively. Figure II.II shows a typical spectJ.um of an EDGE 
modulated signal where it also provides a general representation of ACPR 
measurements for EDGE modulated signals. 
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Lower 
ACPR 
Upper 
ACPR 
Figure 11.11 Typical spectrum of a GSM-EDGE signal 
One of the cun-ent standard requirements for spectrum analysers making 
measurements (EVM or ACPR) dealing with EDGE modulated signals requires a 
resolution bandwidth setting of 30kHz. For ACPR measurements in EDGE systems, 
separate frequency offsets of 250kHz and 400kHz from the output earner frequency 
are usually considered as part of the requirements. 
11.111 MODULATION FORMAT IN WCDMA 
Code Division Multiple Access (CDMA) is a multiple access technology 
where the users are separated by unique codes, which means that all users can use the 
same frequency and transmit at the same time as shown in Figure II. III. For a standard 
CDMA transmission, a 1.25MHz wide radio signal at a chip rate of 1.22Mcps is 
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multiplied by a spreading signal (usually a pseudo-noise PN or pseudorandom code 
sequence, which it is a type of random binary sequence with an autocorrelation 
function similar to band-limited white noise) with a higher rate than the data rate of 
the message signal as illustrated in Figure II. III. The resultant signal appears as 
random, but if the intended recipient has the right code, this process is reversed and 
the original signal is extracted. 
CODING 
SEQUENCE tL X PSEUDMbSE COOE1 
Frequency, f0 
tJ_x 
Frequency, f0 
tJ_x 
Frequency, f0 
CODED SPREAD 
SPECTRUM 
CHANNELN 
FREQUENCY 
Figure 11.111 CDMA in which each channel is assigned with a unique codes which 
are different to other users 
Wideband Code Division Multiple Access (WCDMA) is a step further in 
CDMA technology where it uses a 5MHz wide radio signal and a chip rate of 
3.84Mcps, which is about three times higher than those currently used in CDMA 
technology. Thus, this technology also allows mobile operators to provide more data-
rate demanding applications (such as e-mail and fax services) and also to handle a 
larger capacity of users. 
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11.111.1 MEASUREMENTS IN WCDMA 
Adjacent Channel Power Ratio is a standard figure for measuring the level of 
distortion in an amplifier when a WCDMA signal is applied at the input. Figure II.IV 
shows a typical plot of a WCDMA spectrum where it also provides a general 
representation of ACPR measurements for WCDMA modulated signals. 
Lower 
ACPR 
Frequency Offset Frequency Offset 
From Carrier From Carrier 
Upper 
ACPR 
Figure II.IV Typical spectrum of WCDMA 
A resolution bandwidth setting of 30kHz is a standard requirement for 
spectrum analysers obtaining ACPR measurements for WCDMA systems. For ACPR 
measurements in WCDMA systems, a frequency offset of 5MHz away from the 
carrier frequency is required. 
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